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Statement of research problem:

Laser induced ionization has been recognized for several years as. .

an extremely sensitive method for detecting atoms in the gas phase. The

question naturally arises whether an equivalently sensitive method for

detecting molecules can be devised based on this same phenomenon. In

order to find out, we have been investigating the two step ionization

of molecules induced by ultraviolet laser radiation. From this work

we are able to extract information about molecular spectroscopy, photo- -

chemistry, and photophysics.

The experiments that we have been performing are of two types.

Using a time of flight mass spectrometer constructed during the grant

period we have monitored the molecular ions generated by laser ioniza-

tion. Using a time of flight photoelectron spectrometer also con-

structed during the grant period we have monitored the kinetic energy

distribution of the electrons simultaneously ejected. Our mass spectro-

metric experiments can be further subdivided into two types. First,

those in which samples were introduced via a capillary column gas chromato-

graph inlet system. Second, those involving laser ionization of mole- .

cules adsorbed to metal surfaces.
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Su_.ry of Imoortant results:

Detailed discussions about the laser ionization experiments that

we performed during the grant period are presented in the attached re-

prints. The most significant results will now be sumarized.

I. laser mass spectrometry experiments

A. Gas chromatography/mass spectrometry

An apparatus interfacing a gas chromatograph with a mass

spectrometer was constructed for the first time. A series

of aromatic hydrocarbons were introduced into the system.

They all ionized, but with a rather wide range of efficiencies.

Detection limits in the multi-femtogram realm were obtainable.

Light molecules that cannot be electronically excited in the

near ultraviolet and that have relatively large ionization

potentials are not detectable. Isomers such as chrysene and

triphenylene which are very difficult to distinguish using

conventional analytical methods are readily distinguishable by ' -

laser ionization due to only a few tenths of an electron volt

difference in their ionization potentials.

In experiments not yet published we attempted to investigate the

aimulant DbP. We find that it ionizes very poorly at 2300 A,

undoubtedly due to its extremely small molar extinction coefficient.

Future experiments with this molecule should probably be done with

an ArF excimer laser.
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Whien benzaldehyde is laser ionized at 2590 A, only COHB ions

are generated. By monitoring both these ions and the photo-

electrons simultaneously ejected (see below) we were able to

show that this is a consequence of a photochemical rearrange-

meat that occurs in the excited state molecule following absorp-

tion of one photon but before ionization by a second photon.

B. Surface Ionization

By proper choice of grid potentials in our laser mass spectrometer

ionization of molecules at metal surfaces can be distinguished from

that occurring in the bulk gas phase. Surface ionization peaks

appear much sharper than their gas phase counterparts. Thus far

we have not been able to confirm whether the surface ionization

signal has a characteristic wavelength dependence, or if the

ionization phenomenon is simply thermal. We have conflicting

evidence on this subject. One rather remarkable result is that

a series of equally spaced mass spectral peaks can be obtained

when a monochromatic UJV laser beam impinges on a flat metal

surface at grazing incidence. We have shown that this results

from standing electromagnetic waves formed reproducibly above U

the surface during every laser pulse. No practical applications

of this phenomenon have been developed. Surface ionization may

be of interest to ARO due to the low volutility of agents and

the possibility that they could be efficiently collected and

then ionized on metal surfaces.



II. Laser photoelectron spectrometry experiments

In this part of our work we monitored not the ions but the electrons

generated during the laser ionization process. We found that the

electrons are produced with certain discrete kinetic energies, given

by the following modified version of the usual photoelectron spectro-

scopy formula:

KE nhv - I.P. - Eion

Since in all of our hydrocarbon studies n 2 and the ionization

potential of the molecule being probed was fairly well known we ex-

tracted information about ion vibrational energy levels. Molecules

studted include benzene, toluene, aniline, paradifluorobenzene, nitric

oxide, benzaldehyde, acetophenone and DIMP. The benzene study was

particularly significant since vibrational spectroscopic information

about Ce18 is particularly sparse due to idiosyncracies of its ex-

cited states. The long-predicted Jahn-Teller splitting was observed

for the first time during these experiments.

Selection rules associated with the photoionization process were also

investigated and experimentally verified. This was particularly

significant in the case of the rotational selection rule probed by

photoionizing NO, since a rotationally resolved photoelectron spectrum

of a molecule other than H2 had not previously been recorded.

Ii
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As mentioned above photoelectron data enabled us to confirm the .

mechanism by which CeH6 ions are generated during benzaldehyde

irradiation. Photoelectron experiments are beginning to play a

role in monitoring other chemical dynamics processes. For example

in the case of paradifluorobenzene when vibrational levels 3000 cm
"1

above the origin of the S1 state are laser excited, the resulting

photoelectron spectrum exhibits considerable congestion, presumably

due to rapid intramolecular vibrational relaxation occurring before

the ionization step. Future experiments in this area will need to be

performed with substantially better time resolution than the two nano- -

seconds available to us from our excimer pumped dye laser.

The scientific implications of our laser ionization work can best .

be appreciated by perusing the attached papers. The precise operating

conditions and final conclusions from all of our experiments are

thoroughly elucidated therein. It is quite clear that whether or

not some particular compound of interest can be detected with great

sensitivity by exploiting laser ionization depends on a variety of

molecular characteristics. The latter are discussed in these papers.

Since for most molecules the information needed to make reliable pre-

dictions is not available, laser ionization efficiences must be

established experimentally rather than theoretically.

S
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Laser mass spectrometry

Jiin-Wu Chai, Gerald Rhodes, Jon T. Meek and James P. Reilly*

Chemistry Department, Indiana University, Bloomington, Indiana 47405

Abstract

The conjunction of laser induced molecular ionization with mass spectrometry is particu- -

larly fortuitous since it enables us to learn more about the former phenomenon by exploiting
the latter technique while at the same time we may be able to improve the latter technique
by exploiting some of the unique properties of the former phenomenon. One of the most sig-
nificant features is the potential impact that laser ionization mass spectrometry may have
in analytical chemistry. In order to better measure this, we have investigated the ioniza-
tion efficiency of a variety of organic compounds.

The combination of a capillary column gas chromatograph with a laser ionization mass
spectrometer is found to be an ultrasensitive and selective method of chemical analysis.
Polyaromatic hydrocarbons can be detected at the multi-femtogram level with parts per
trillion sensitivity. In some cases previously unresolvable isomers are readily distin-
guished. Complementary laser photoelectron experiments have been conducted. While these
were originally designed to elucidate ionization and mass spectral fragmentation mechanisms,
they are now generating a vast array of new ion spectroscopic data. Our recent results in
the previously unexplored area of UV laser induced surface ionization are discussed and
their relevance to mass spectrometry is considered.

Introduction

The development of sensitive and selective molecular detection schemes is one of the
prime goals of analytical chemists. Much of the success of gas chromatography can be attri-
buted to the existence of detectors which respond particularly well to certain molecules or
subgroups and not to others. Ion specific electrodes play an analogous role in electro-
chemistry. The prospect of selectively ionizing a particular molecular species present in
a gaseous mixture is similarly attractive. Because ions can be so easily collected and
counted, if the ionization process is efficient, the detection sensitivity will be excell-
ent. Two methods of laser induced photoionization are worth considering. Single photon
ionization is simple, causes little or no ion fragmentation and ion currents are stra'ight-
forwardly interpretable. However as a molecule detection scheme it suffers from a few
disadvantages. The short wavelengths of light reqi'ired (typically below 1200 A) are incor-
venient to handle because of air and window absorption. The only coherent radiation source
in this region of the spectrum, the molecular H2 laser, is rather weak and it operates at a
relatively long wavelength (by photoionization standards). A weak light source reduces
ionization efficiency because the probability of light absorption is proportional to the
product of light intensity and absorption cross section. Finally, since countless mole-
cules absorb and have their ionization thresholds in the 1000 to 1200 A region, the selec-
tivity of this ionization process is limited.

An alternative photoionization method involves multiphoton or stepwise processes. The
most efficient of these is of course two-photon ionization through a resonant intermediate
state. This has several advantages over its single photon counterpart. First, the light
wavelength can be in the near ultraviolet. This is transmitted by air and numerous opti-
cal materials. Second, very intense, easily operated rare gas halide excimer lasers are
commercially available which emit radiation at a variety of frequencies within this spectral
region. Their light outputs enable one to saturate many molecular electronic transitions
and thereby boost their ionization probability. Finally the existence and influence of
resonant intermediate states (and other effects to be discussed) cause the ionization prob-
ability to fluctuate enormously from one organic molecule to another and this dramatically

enhances the selectivity of two-photon ionization.

In a laser mass spectrometer, the conventional electron impact ionization source is re-
placed by an interaction zone where focussed laser radiation impinges on low pressure gas-
eous molecules. The ions generated are usually mass resolved by time of flight, since with

this technique all of the ions produced by a single laser pulse can be detected. Recent
developments in the field of laser ionization mass spectrometry point to a growing rnle for
this technique in the field of chemical analysis. While the earliest suggestion to combine
laser ionization with mass spectrometry involved single photon photoionization with vacuum
ultraviolet lasers,' recent interest has focused on multiphoton ionization processes in-
volving near ultraviolet light sources.2  Laser ionization of atoms has been particularly
prominent following the demonstration of single atom detection sensitivity.

5 
Molecular
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ionization studies have been motivated more by spectroscopic than analytical goals. 6-8

This distinction between atoms and molecules deserves comment. Molecules are certainly
* harder to detect by laser ionization than are alkali atoms. The former have weaker absorp-

tion cross sections and, when excited, can undergo numerous rapid radiationless deactiva-
*tion or dissociative processes which atoms cannot. Furthermore the ionization potertials

of molecules are two or three times higher than those of alkali atoms. For efficient ion-
ization, this requires shorter wavelengths of ultraviolet laser light. As a result back-
ground ionization is invariably a more severe problem than it is when ionizing alkali atoms
with visible dye lasers. Nevertheless, in spite of these complications we have recently
been making substantial progress in demonstrating the analytical utility of laser ioniza-
tion mass spectrometry. 9 - 10 In one of our major projects, we interfaced a capillary column

* gas chromatograph to our homemade time of flight laser mass spectrometer (see Figure 1).
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Figure 1. Block diagram of the laser Figure 2. Chromatograms of a polyaromatic
ionization GC/MS apparatus hydrocarbon mixture. A: 30 ng each of

naphthalene, biphenyl, acenapthene, fluo-
rene, anthracene and pyrene with a flame
ionization detector. B: 500 pg of same
compounds with laser ionization detector,
monitoring total mass-integrated ion yield

We demonstrated 200 femtogram sensitivity for detecting naphthalene, and between 0.23 and
5.0 picogram sensitivity for polyaromatic hydrocarbons like biphenyl, acenaphthene, fluo-
rene, anthracene, phenanthrene, and pyrene. As an example of the performance of this sys-
tem Figure 2 exhibits a gas chromatogram of a mixture of 30 ng each of these compounds
taken with a conventional flame ionization detector and a chromatolram of a mixture of 20
picograms each of the same compounds recorded with our laser GC/MS system. It is note-
worthy that the methylene chloride solvent yields a strong overwhelming initial peak in the
FID chromatogram but no peak at all with laser ionization, due to the selectivity of the
phenomenon. It is also apparent that detection sensitivity varies greatly from one compound
to the next in contrast with FID. This characteristic will be exa!ned below. The linear-
ity of integrated ion yield as a function of sample size was found to be good over a dyna-
mic range of almost five orders of magnitude. One of the remarkable aspects of this study
is that our observed detection sensitivity is within an order of magnitude of that which
one would predict by the following rough calculation. If X molecules are injected into a
gas chromatograph and they are eluted in a peak having a width of t seconds throuyh an
orifice of area A with typical gas kinetic velocity v the average molecular concentration.
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c, is then

C = ! (molecules/cm3)
A t v

If the laser cross section is about 1 mm 2 , then 10 mJ of ultraviolet radiation represents a
fluence of about 1 0 1e photons/cm

2 which should ionize 10 to 100% of the molecules within
the focal volume. For a 1 mm 3 focal volume, at least 10 - 4 c ions per laser pulse are there-
fore expected. Wessel et all' have recently demonstrated that a concentration of about 104
naphthalene molecules/cm 3 is detectable by laser ionization in a cell experiment. With our
proposed gas chromatograph using reasonable arameters in the above equation, this would
correspond to X = 1 x 10 molecules (5 x 10~ g at MW = 150) injected into the G.C.. With
a 100 hz laser one would expect about 103 ions to be generated from a sample of this size.
This is an easily detectable signal. It should be emphasized that this estimate would be
even more attractive with higher repetition rate lasers and a less conservative estimate of
molecular ionization probability. It is wcrth stressing, as Lovelock has pointed out years
ago,. 12 that the theoretical detection limit of a gas chromatograph is determined both by
sample ionization efficiency and by carrier gas background ionization. While electron cap-
ture detectors are extremely efficient, they induce considerable background ionization.
P laser ionization detector may offer the former advantage without the latter problem.

While the ultimate sensitivity of the laser GC/MS system clearly establishes it as a
technique with a future, the selectivity of the laser ionization phenomenon is what really
sets it apart. As sensitivity improves selectivity is needed to prevent the saturation of
any detector. This is particularly true when femtograms of material can be detected. For
example it has been estimated that on the order of 1i00000 compounds are present in the air
at a level of 10 parts per trillion or more. 1 3  (This concentration corresponds to about 25
femtograms per cubic centimer for each species). A number of variables contribute to laser
ionization selectivity. These include laser wavelength (in relation to the energies of
resonant intermediate states), excited state lifetime, and molecular ionization potentlal

2 ,1 4

As an example of the application of this selectivity to a difficult analytical problem, we
studied a pair of C1 8 H1 2 isorers,chrysene and triphenylene. These compounds have virtually
identical electron impact mass spectral fingerprints and yield overlapping peaks in cap-
illary column gas chromatography. They are thus difficult to distinguish with conventional
techniques. However through proper choice of laser wavelength we were able to establish
conditions such that chrysene ionized and triphenylene did not, (see Figure 3). At other
wavelengths both compounds ionize so quantitative analysis of a mixture containing the two
species is possible.

XeCI Ionization
Chrysene (75ng)

Tripheiylene (75 ng)

Time (mir 24 34 24 34

Temp('C)220 1 2480 2 O 20

Figure 3. Total ion current chromatograms for 75 nanograms
of triphenylene (left) and chrysene (right)
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Two of the goals of our multiphoton ionization mass spectrometric studies thus far have
been to find out what are the important factors determining a particular species' ioniza-
tion probability when interacting with a certain pulse of laser radiation, and what, if any,
secondary processes occur subsequent to the ionization. Specific molecules have been chosen
for study which tend to elucidate the "rules" of multiphoton ionization. What we have
learned is that the ionization efficiency depends on the following:

1. the existence of resonant intermediate states;
2. the magnitude of the transition probabilities coupling the intermediate states to

the ground state and to the ionization continuum:
3. the occurrence and rate of relaxation or destructive (e.g. dissociation) processes

affecting these states:
4. the absolute magnitude of the molecule's ionization potential.

These may be best illustrated by a few examples. Certain olefins such as 1 or 2 butene may
be ionized by two photons of either KrF (2485 A) or ArF (1930 A) laser radiation. Yet ArF
ionizes them much more efficiently because r - v* transitions occur in the vacuum ultra-
violet wavelength region. However, benzene is more efficiently ionized at the longer of
these wavelengths even though it absorbs more strongly at the shorter. The reason for this
is the existence of fast intramolecular relaxation out of the 'Blu state which is excited
by the ArF laser radiation. Equivalent relaxation from the 1B2u state excited by a single
KrF photon is known to be much slower.1 s This difference in ionization efficiencies for
benzene at the two laser wavelengths has been quantitatively interpreted with a rate equa-
tions model and it leads to the direct determination of intramolecular relaxfion rates.

2

In the benzene experiment, it was also demonstrated that doubly ionized C6H6  is not gen-
erated. This fact, along with the unusual abundance of small ion fragments, strongly sug-
gested that the fragmentation mechanism occurring is not a single unimolecular explosion as
is the case in electron impact spectra, but instead it involves a succession of single pho-
ton ionic dissociations. (By observing the photoelectron energy distribution, as mentioned
in the next paragraph, we have verified this model). As an example of the fourth rule,
acetaldehyde and butyraldehyde have been studied at the KrF and ArF laser wavelengths. Their
ionization potentials are 10.2 and 9.8 eV, respectively. Two KrF laser photons provide 10.0
eV of energy while a pair of ArF photons make 12.8 eV available. We have experimentally ob-
served parent molecular ions with ArF radiation incident upon either molecule or with KrF
radiation illuminating butyraldehyde. However KrF radiation is not sufficiently energetic
to ionize acetaldehyde. Fragment ions are detectable in all cases. The chrysene/tripheny-
lene case discussed above is a second example of the fourth rule.

It is well known in laser ionization mass spectrometry that in addition to parent ions,
fragments are also generated with a yield that grows sharply with increasing laser light
intensity. 2,3,16 To help eludicate the mechanism of the ion fragmentation, we undertook
photoelectron kinetic energy distribution measurements. According to the formula,

KEe = nhv -I.P. -Evi b

the ejected electron kinetic energy provides an indication of the number of photons absorbed

at the time of molecular ionization.

Electron Enegy (V)
5.6 0.4 0.2 0.1

I I 1 I

0.0 0.6 1.2 1.6 2.4
Time of Flight (pa)

Figure 4. Photoelectron energy distribution resulting from the KrF laser induced
ionization of benzene. (Photodiode and electron multiplier outputs
are summed by the boxcar averager).
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An example of a low resolution photoelectron spectrum induced by exciting benzene with
the output from a KrF excimer laser is depicted in Figure 4. The ionization potential of
gas phase CGHe is 9.25 eV. Using a photon energy of 5 eV the fastest electrons expected
from a two photon ionization process should have a kinetic energy of 0.75 eV. A quick peru-
sal of the observed spectrum indicates that this is indeed the case. In all cases studied
to date we have found n in the above formula to be 2. This shows that the mechanism of
fragment ion production is two photon ionization to generate molecular ions followed by
photofragmentation of these ions (as opposed to multiple photon absorption followed by an
"explosion" which yields small ions).

Probably the most unique feature characterizing laser photoelectron spectra is their de-
pendence on light wavelength. The vibrational state distribution of the ions generated in
a conventional photoelectron spectral band is largely determined by the overlap between the
potential energy surfaces of the ground electronic states of the molecule and ion. It is
therefore essentially independent of the wavelength of the ionizing light. However, our
case is very different. Laser ionization proceeds through a resonant vibronic intermediate
state. The molecular geometry at the time when ionization occurs depends on the vibronic
level excited so as this changes with wavelength different ion vibrational distributions
(and consequently, different photoelectron kinetic energy distributions) are produced. For
example, we have excited ten different vibronic levels in benzene's IB2u first excited sing-
let state and have recorded ten completely different photoelectron spectra." Some of these
are presented in Figure 5. Based on this new data we have measured and assigned two 5

A

Figure 5. Laser photoelectron
C spectra obtained by exciting

the following vibronic levels
of benzene's 'B2u electronic
state:

D (A) 6; (effusive)

(B) 66 (supersonic)

(C) 601 1?

E (D) 61, 16

(E) 6?

F (F) 6?0 lo

(G) 61 161

II I t

0 500 Ooo 15CC 2000
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previously unidentified normal mode frequencies of C6H6 +and C6D6 +and have observed Jahn-
Teller splitting in these species for the first time. We also explained how the anomalously
large frequency of v6 which had been previously measured with conventional photoelectron
spectroscopy, was the result of Jahn-Teller distortion. Finally, we demonstrated that in-
formation contained in laser photoelectron spectra can assist in assigning vibronic features
in near ultraviolet molecular absorption spectra. We expect to be able to observe virtually
all of benzene's twenty normal mode frequencies using this technique. Until now only four
have been assigned. This represents a real breakthrough in ion vibrational spectroscopy not
only because of the qinantity of new spectroscopic data, but also because of the ease of
assigning peaks to particular ion vibrations. Many are immediately interpretable based on
the well characterized assignments of near-ultraviolet molecular absorption spectra obtained
over the past 50 years. As a second example of this work, we have also published similar
wavelength dependent photoelectron spectra of toluene.18 Our laser photoelectron apparatus,
with a pulsed supersonic beami source has recently attained a resolution of 3 meV which is
comparable to or better than the highest resolution ever attained in photoelectron spectro-
scopy.

While performing laser ionization mass spectrometry experiments using the homemade TOF
system depicted in Figure 6 we observed a remarkable phenomenon.19 Using a lens we shifted
the laser gas interaction location from the center of region 1 toward grid 0. As this

GRIDS

Figure 6. The ionization region and acceleration grids in our laser TOF mass
spectrometer

was done the mass spectrum of benzene which we were observing underwent the changes depic-
ted in Figure 7. In 7A only a rather broad gas phase parent ion is observed. In Figures
78 - 7D a remarkably sharp peak develops as the light moves closer toward and eventually

A B CD

Figure 7. Dependence of mass spectrum on laser position in interaction
IL region (see text)
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+strikes grid 0. This peak corresponds to C1 H6 ions generated at or very near to grid 0.
The evidence for this is that the sharp peak only appears with the laser spot near to grid
0. and a computer model accurately predicts the flight times for ions in the sharp peak only
if we assume that they are generated on the surface, not in the gas phase. Furthermore when
the voltage on grid 2 is increased until it is almost + 1950 V, the broad gas phase peak
disappears from the mass spectrum but the sharp peak remains. This is because with + 2000 V
on grid 0 and - 2000 V on grid 1, application of a large positive voltage to grid 2 prevents
passage of all positive *ons except those produced very near (75 microns or less), to grid 0.
In order to observe C6H6 generated either at the surface or in the gas phase benzene vapor
must be sprayed into region 1 of the instrument. When it is turned off, both the broad and
sharp peaks disappear, indicating that neither is an instrumental artifact. The reason for
the difference in the two peak widths is fairly simple. The gas phase ionization peak is
broad because of the finite width of the laser beam in the ionization region. Ions are gen-
erated over this entire width and receive different kinetic energies from the drawout field -
depending on exactly where they are produced. The surface peak is much sharper because the
region over which the ionization occurs is apparently not defined by the width of the laser
beam but rather it depends upon the nature of the surface ionization phenomenon itself. The
width is affected by both the distance that molecules can be from the surface and still ion-
ize and by the velocity distribution of the ions which are drawn off.

Thus far we have generated surface ionization peaks for a variety of samples including
benzene, toluene, alkali metals, phenanthrene, aluminum, 1,2-benzanthracene, perylene and .
1,2,3,4-dibenzanthracene, just to name a few. In general, those species which yield strong
gas phase multiphoton ionization signals can generate strong surface ionization peaks using
relatively low energy (microjoule to millijoule) laser pulses. The tendency to produce sub-
strate ions seems to rapidlT incfease as+the laser intensity is increased. When a stainless
steel plate is irradiated K-, Ca and Fe ions can all be observed, as depicted in Figure 8.

27

U 40 70

39
2J LL.

Figure 8. UV laser induced surface ion- Figure 9. UV laser induced surface ion-
ization TOF mass spectrum of a stain- ization TOF mass spectrum of an alumi-
less steel plate num coated glass plate

The expected isotope ratios for each of these metal ions based on their natural abundances
are preserved. When a hydrocarbon is sprayed on top of the metal surface the metal ion sig-
nals become smaller. A particularly interesting mass spectrum which is obtained by irradia-
ting a glass plate covered by evaporated aluminum appears in Figure 9. In this case ion
hrvingm/e = 23, 27, 39, 40, 41, and 44, which correspond to various isotopes of Na , A'
K , Ca-, are observed. In addition, a strong ion peak at m/e = 70 appears. Since it is a
sharp peak without a broad gas phase tail we know that it corresponds to an involatile
species; however no element which one might expect to observe under these conditions has a
mass of 70. We conclude that the peak corresponds to A120 , a product of the rapid oxida-
tion of the At metal surface. Presumably the temporal growth of the Ak20

+ peak could be
quantitatively traced if a fresh layer of At could be deposited onto the surface in situ.

The mechanism of the UV laser induced surface ionization remains to be unravelled, but
two facts suggest that the phenomenon is selective. First, rather low laser pulse energies
are employed in generating these surface ionization peaks. Second, molecules like oxygen,
water, nitrogen and small alkanes do not yield surface ionization signals whether they are
present alone or along with aromatic molecules which do ionize. This indicates that neither
thermal nor electron impact ionization of samples is occurring. These features strongly
contrast with the well known technique of infrared laser desorption mass spectrometry which
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has been popular for over 10 years.2 0- 2
4 While the UV surface ionization experiment is still

somewhat of a novelty in our laboratory, its nonthermal and selective characteristics suggest
potentially interesting new applications in mass spectrometry which we would like to look
further into.

Under certain operating conditions a periodic but complex pattern appears in our laser
ionization mass spectrum. T ree examples of these are depicted in Figure 10. In all cases E
approximately 10 uJ of 2590 k radiation skidded across an At plate as benzene was being
sprayed onto it. In Figures 10A and 10B a 300 mm f.l. lens was 220 mm from the mass spec-
trometer plate; the light simply approached the plate at slightly different angles. In
Figure 10C the same lens was moved to within 141 mm of the surface. We currently believe

A B C P

Figure 10. Combined surface and gas phase TOF mass spectra of benzene recorded under
conditions which exhibit a spatially periodic laser intensity. (A) laser
focussing lens 220 mm from grid 0 (aluminum plate): (B) lens in same posi-
tion, laser angle of incidence changed; (C) lens moved to within 141 mm of
grid 0.

that the interference - like pattern in the mass spectrum is the result of a spatially perio-
dic distribution of light in our laser beam. It unfortunately masks the distinction between
surface and gas phase peaks which was so evident in Figure 7.

In summary, the remarkable sensitivity and selectivity of a new type of GC/MS instrument
has been discussed. Future work in this area will be devoted to understanding why certain
molecules ionize so efficiently while other similar ones do not (e.g. naphthalene vs bi-
phenyl), and to applying the laser MS technique to accomplish photochemical studies on iso-
lated, gas phase molecules which would not otherwise be possible. We have constructed the
first high resolution laser ionization photoelectron spectrometer and have demonstrated how
it yields ion spectroscopic information which is not extractable using conventional single
photon photoelectron spectroscopy. In the future we will be investigating transient species
with the same apparatus. Finally, we have recorded wavelength selective, resonantly en-
hanced UV laser induced surface ionization mass spectra. The mechanism of the ionization S
process must be unravelled. We are also pursuing the possibility of exploiting this phen-
omenon as a selective method of introducing non-volatile, thermally labile samples into a
mass spectrometer.
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Laser Ionization Studies of
Gas Phase and Surface
Adsorbed Molecules

JON T. MEEK, S. RANDOLPH LONG, RICHARD B. OPSAL and
JAMES P. REILLYt
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Gas phase hydrocarbons are ionized using the output of UV excimer lasers and
frequency doubled dye lasers. The ions generated are mass resolved and kinetic energy
distributions of ejected photoelectrons are recorded. Information about the photo-
chemistry and ion spectroscopy of benzaldehyde. benzene and toluene is derived.
Molecules adsorbed topmetal surfaces are also laser ionizable leading to distinctively
sharp peaks in their laser induced time of Mght mass spectra.

While the earliest studies of laser induced ionization were performed
in the mid 1960s,2 this field of research has developed and expanded
particularly rapidly in just the last seven years. The acceleration is
undoubtedly attributable to such exciting developments as single atom
detection using dye lasers3 and the application of multiphoton ioniz-
ation to problems in atomic 4' and molecular spectroscopy.' Man
spectrometry based on a laser ionization source has been discussed
for over a decade,' ° but many of the exciting developments in this
area have occurred in just the last few yeas.""' 6 The evolution of
commercial laser systems has played a major role in this recent - -
progress. For laser ionization to have a significant impact on mass
spectrometry, the ionization process must be efficient. Intense pulsed
light sources of high energy photons are therefore needed in order
to efficiently induce stepwise two photon ionization. Excimer lasers

t Alfred P. Sloan Fellow.
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and powerful frequency doubled dye lasers which satisfy this require-
ment have only been commercially available for a few years.

When considered superficially, the detection of very small con-
centrations of molecules by laser ionization mass spectrometry might
be viewed as a simple extension of previous successful experiments
with alkali atoms. 3 However, the molecular situation is actually con-
siderably more complicated. First of all, absorption cross sections of
molecules are much lower than those of atomic resonance lines.
Second, molecular ionization potentials are considerably higher and
rarely can be reached with a pair of conveniently available visible
dye laser photons. Third, molecules undergo photophysical and
photochemical processes such as intersystem crossing, predissociation
and isomerization which atoms do not. Since these processes occur
following absorption of one photon, they may compete with the
second step of a two photon ionization process and thereby reduce
the observed ion yield. Finally, because the laser wavelengths
required to reach molecular ionization potentials in two steps are so
short, background ionization is a major problem which interferes with
the detection of low concentrations of hydrocarbons. In spite of these
obstacles, we have recently demonstrated multi-femtogram sensitivity
for detecting gas chromatograph effluent and selectivity capable of
resolving CsH1 2 isomers which cannot be distinguished by either

conventional capillary gas chromatography or mass spectrometry."
While someone concerned purely with analytical detection sensitiv-

ity would view excited state molecular photochemistry as simply an
annoying interference to be avoided when designing an efficient laser
ionization process, the problem could clearly be turned around and
considered from another perspective, i.e., laser induced ion yields
must convey information about interfering photochemical processes
which should be extractable by someone appropriately motivated.
We have recently found this to be the case in a study of the laser
ionization mass spectrum of benzaldehyde vapor.'$ Using a KrF laser
as photolysis source we found the benzaldehyde mass spectrum to be
virtually identical to that of gas phase benzene, with only a hint of
the molecular ion at m/e = 106. Naturally the question which arises
is whether benzaldehyde ionizes and then fragments or, alternatively,
does it absorb one photon, fragment to benzene, then ionize? The
key to resolving this issue is found in the laser photoelectron spectrum
of benzaldehyde. By monitoring the kinetic energies of the electrons

. . .. . . . .
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ejected from the ionizing gas we hoped to be able to determine which
of the molecules was in fact actually ionizing. The result of our study
is that the benzaldehyde and benzene laser photoelectron spectra are
identical, indicating that benzaldehyde in fact rearranges to benzene
before being ionized. The ten nanosecond time resolution of our
pulsed laser is insufficient to resolve this fast kinetic process, but it
seems likely that with picosecond ultraviolet laser pulses the time
dependence of the collision-free production of benzene from benzal-
dehyde should be observable. With ionizing pulses which are
sufficiently short and intense, C6H6" ions should not be generated
from pure benzaldehyde, since the parent ion at rle = 106 is known
to be stable from electron impact mass spectra."

Another example of how photoelectron studies are of potentially
great interest in sorting out the mechanism of a laser ionization process
is the laser induced ionization of benzene by KrF and ArF excimer
lasers. In the first successful laser photoelectron spectroscopy experi-
ment which we performed 20 we showed that the KrF (2485 A) induced
spectrum, which shows a single broad peak (see Figure 1) can be
interpreted as a simple two step ionization process without complicat-
ing intermediate state effects. However the ArF (1930 A) induced
spectrum, which is also displayed in Figure 1, exhibits two peaks. The
second, broader peak decreases relative to the first as the light
intensity increases. The first peak corresponds to simple two step
ionization of benzene with the electrons carrying off most of the
deficit between the photon input energy (12.8 eV) and the ionization'
potential (9.25 eV). The second peak apparently results from the
ionization of some state of benzene formed following single photon
absorption. This might be a triplet or isomer state. The benzene ion
must be generated in a different geometry or vibrational state distribu-
tion, compared with when it is ionized by KrF laser radiation, in order
to generate the slow electrons which appear in the second ArF-
induced photoelectron peak. Any hope for assigning the excited states
involved will require electron energy resolution improvements.
Recent developments in this area are described next.

In order to resolve vibrational structure which is obviously masked
under the broad photoelectron profiles of Figure 1 (the peaks of
which are about 500 meV wide), we switched from a spectrally broad,
relatively long time duration excimer laser to a narrow band short
pulse dye laser photolysis source. The resulting improvements in
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FIGURE I Time of flight photoelectron spectra of benzene ionized by radiation
from Nb KrF Wb ArF excimer lasers.
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photoelectron energy resolution are drastic, as can be seen in Figures
2 and 3. Resolution is now about 7 meV (approximately 60 cm - )
and vibrational structure under the photoelectron band is easily
resolved. Most interestingly, the photoelectron energy distribution
depends strongly on the vibronic intermediate state excited by the
frequency doubled dye laser. Several vibrational states within the
'B 2. first excited singlet state of benzene have been utilized. When
the laser is tuned to the 60 transition, ions are formed predominantly
vibrationally unexcited. When tuned to the 60116, transition however,
virtually all ions are generated with one quantum of excitation in s16.

A

6, 6

150 900 50
Electron Kinetic Energy (meV)

FIGURE 2 Kinetic energy distribution of the photoelectrons ejected from benzene
ionized by the output from a narrowbaed frequency doubled dye laser. The radiation
is tuned to the (a) 63 (b) 6°t6j vibronic transitions in the 'B2. *-'A,, absorption
band system of CH6H.
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FIGURE 3 Same as Figure 2 except that the vibronic transitions involved are (a)
6*,10' and (b) 60 ,

(The assignment of this ion peak, which has never been Observed in
a conventional photoelectron spectrum of benzene, follows from three
mutually conclusive bits of data: First, the vibronic state from which
the benzene ionizes in this experiment has been previously assigned
as v = 1Of V16.21 Second, in the Rydberg spectrum of benzene a
vibration of comparable frequency has been assigned to ;,16 .22 Third,
isotope substitution experiments which we have performed with ben-
zene yield the correct frequency ratio.) When the transition 60,11~ is
excited, v = 0 ions are preferentially formed, but the second most
populated vibrational state is 122 meV above the ground vibrational6
state. This peak appears in the conventional photoelectron spectrum
of benzene and has been previously assigned to v - I of P,*23*24
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Considering the vibronic state which we pass through to obtain this
spectrum, this work represents strong corroboration of the earlier
assignment. Finally, when the transition 6'1 ' is excited, a photoelec-
tron spectrum with 12 peaks is generated as displayed in Figure 3.
This is quite remarkable considering that the conventional single
photon photoelectron spectrum of benzene contains only four or five
peaks. More ion vibrational states can apparently be accessed when
benzene is photoionized from a vibrationally excited S, state rather
than from the vibrationless So ground state. The Franck-Condon
principle can be invoked to rationalize the observed trends, although
calculations of the potential energy surfaces of the neutral and ion
electronic states will be required to quantitatively interpret relative
peak heights. A complete analysis of the benzene data is being
prepared for publication." We have recently obtained and published
analogous results for toluene.2 Similar vibronic state dependences
are evident. In summary, laser photoelectron spectra contain informa-
tion about what species is ionizing, how many photons are required
to induce ionization and what the vibrational frequencies and state
distribution of the product ions are.

A very recent development in our work in this area has been the
observation of laser induced ionization of hydrocarbon molecules
absorbed to metal surfaces. We originally observed this with gas phase
benzene which was being sprayed onto a Ni grid. Similar results have
now been obtained with heavy polyaromatic hydrocarbons. Briefly,
when a UV light pulse is focussed into the interaction/ionization
region of our laser mass spectrometer, depicted hl. Figure 4, ions are
formed in the gas phase by two step ionization. A TOF mass spectrum
of benzene is displayed in Figure 5a (at low intensities, only a single
peak at mass 78 is observed). As the laser beam is shifted towards a
metal surface in the ionization region, a second, much narrower peak.
appears in the mass spectrum, as seen in Figures 5b-5d. T1his peak
results from ionization of benzene molecules at the surface. This
hypothesis was confirmed in the following ways:

1) The peak appears only when the laser focussing lens is moved
so as to illuminate the region near grid 0 and it disappears when the
lens moves back toward grid 1.

2) A simple computer model which calculates ion flight times based
on their mass, initial velocity and position and fragmentation dynamics
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FIGURE 5 TOF mass spectra of benzene ionized with low intensity KrF laser
radiation. Only the region near m/e = 78 is displayed. In (a) the light irradiates gas
phase molecules between grids 0 and I (see Figure 4). In (b) -+ (d) the laser focal spot
is moved progressively closer to grid 0.

enable us to record electronic spectrum of surface adsorbed species
simply by tuning the laser wavelength depends on the exact ionization
mechanism and at the present time remains to be seen. Due to the
narrowness of the mass spectral ion peaks, we are currently interested
in the potential of this technique as a method of sample introduction
in mass spectrometry.
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The laser photoelectron spectrum of gas phase benzene
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Benzene vapor in both effusive and supersonic molecular beams has been irradiated with the frequency
doubled output from a tunable dye laser. Photoelectrons ejected as a result of two-step ionization have been
kinetic energy analyzed by a time-of-flight method. Electron energy resolution is between 3 and 10 meV
depending on beam conditions. Spectra resulting from the excitation of ten different vibronic bands of C1H,
and three of C6D are presented. Ions are found to be generated in their 'E, ground electronic state in
vibrational state distributions that are strongly wavelength dependent. Analysis of these distributions leads to
an improved understanding of Jahn-Teller effects in benzene cation and observation for the first time of
Jahn-Teller splitting in CH: and CD,. Normal mode v,, is conclusively assigned as 39.5 meV (319 cm -')
and 34.5 meV (278 cm-') in CH + and CD'. v. is tentatively assigned as 51.5 meV (415 cm ') and 43.5 meV
(351 cm-') in these species, respectively. An explanation for the anomalously large frequency of v, previously
measured with conventional photoelectron spectroscopy is provided. It is also demonstrated that information
contained in lase photoelectron spectra can be of assistance in assigning vibronic features in near ultraviolet
molecular absorption spectra.

I. INTRODUCTION the vibrational structure of a photoelectron spectral

The photoelectron spectrum of benzene has been the band, the latter is essentially independent of illumina-

subject of several investigations in the last 15 years. . ion wavelength. For example, in conventional photo-
electron spectroscopy Lyman a (10.2 eV) and Hel (21.2Most interest has focused on the electronic structure of eV) resonance lamps may yield spectra with somewhat

the molecule, I. e., the energetic ordering of benzene's different electron energy resolution, but the ion vibra-
occupied molecular orbitals. Some information related tional state distributions generated with both light
to the normal modes of C5 H* has been derived from the sources are comparable.
vibrational structure of the first photoelectron band.
However this has been somewhat limited by two corn- The particular case of benzene is somewhat compli-
monly encountered problems. First, molecular photo- cated by the fact that the 2EU ground state of the ion is
electron spectroscopy is an inherently low resolution doubly degenerate. By the Jahn-Teller theorem, this
technique (e. g., - 15 meV in the references noted) and degeneracy should be split by distortions along certain
rotational contours can sometimes blend vibrational normal coordinates. For a molecule of Dag symmetry,
peaks together. A second and more important problem these are of ea symmetry. For benzene, there are
is that propensity or selection rules associated with four of these so called Jahn-Teller active modes va,
the single photon ionization process tend to restrict the v7, vs, and vq but only two totally symmetric aw normal
ion vibrational state distribution that is generated. In modes v and it. The generally accepted interpretation
general, if a molecule and its ion have the same sym- of benzene's conventional single photon photoelectron
metry then only symmetric normal modes of vibration spectrum is based on the existence of Jahn-Teller dis-
should be excited with high probability upon photoloniza- tortions in the ion. Only one of the two symmetric
tion. (Asymmetric modes can, in fact, be excited by modes is excited upon phototonization, but three of the
Av=2 transitions, although these transitions are sub- four Jahn-Teller active modes have been assigned In
stantially weaker. ) This is simply a manifestation of the conventional photoelectron spectrum. Because of
the Franck-Condon principle applied to molecules that the similarity of the potential energy surfaces of the
are initially in the ground vibrational level of their ion and neutral molecule the peaks associated with
ground electronic state. If the symmetry of a molecule vibrationally excited ions are small relative to the v = 0
and Ion differ, then normal modes of vibration may be peak. Jahn-Teller splittings have never been detected.
excited in the ion that are symmetric in the group con- It is demonstrated in this paper that this was not a
sisting of just the symmetry elements common to the problem in experimental resolution but a limitation
molecule and ion. Alternatively put, modes that most imposed by the selection rule for single photon ioniza-
closely correspond to the change in equilibrium molec- tion.
ular geometry induced by photoionization will be ex-
cited in the ion. s-7 It is important to recognize that the Considerig that benzene has 20 normal mode
photoionization Franck-Condon factors are simply func- frequencies (ten degenerate, ten nondegenerate) even if
tions of the potential energy surfaces of two electronic the r a ind e d normal modes were all observable and
states. Since to a good approximation these determine properly assigned in the photoelectron spectrum, this

would represent a rather small fraction of the vibra-
tional spectroscopic information about benzene ion that

O)Present address: Chemical Systems Laboratory, Aberdeen one would like to extract. Considering the fundamental
Proving Ground, Maryland. importance of a molecule such as benzene this problem

b)Alfred P. Sloan Fellow. Is somewhat critical. Consequently there have been re-
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cent attempts to directly observe CgHs. In the gas phase Efsive or &erae Se, m
it has been found that CIH; does not fluoresce.' Low
lying electronic states presumably undergo rapid radia-
tionless transitions to nonemitting states. It has been
demonstrated that at least one higher electronic stateLae
which can be accessed in the near ultraviolet leads to
dissociation. 10 In rare gas matrices some fluorescence Polodof_

is observable, but only three relatively broad emission
bands can be discerned." From these no new vibra-
tional information is derivable. Absorption experiments
on C&H have also been unsuccessful. 12 In contrast with wae- l
these results, considerable progress has recently been
made in investigating halogenated benzene cations by ab- W- %to

sorption and fluorescence experiments in the gas phase
and in rare gas matrices. -10 Application of Jahn-

Teller theory to the interpretation of relatively complex
spectra has been remarkably successful. Rydberg spec- FIG. 1. Apparatus employed to record laser photoelectron

tra of benzene have also been recorded by single photon spectra by time of flight electron energy analysis.

absorption2
0 and multiphoton ionization techniques.1"

2'

Strong similarities are expected between this data and
that involving benzene ions. This will be discussed The first application of laser photoelectron spectro-
further in Sec. IV of this paper following presentation scopy to a molecule in fact involved benzene." How-
of our results. ever, in that study we used a relatively broadband ex-

eimer laser as radiation source. More recently we re-
In order to improve our limited understanding of ported high resolution data on toluene. e4 Anderson,

CGH;, we decided to apply the new technique of laser Rider, and Zare have performed a similar study on
photoelectron spectroscopy to benzene. In this method chlorobenzene.I s A Av = 0 photoionization propensity
molecules are efficiently ionized by sequential absorp- rule seems to be followed. In other words, when a
tion of two ultraviolet photons from a tunable narrow- particular vibrational mode is excited in the first ex-
band frequency doubled dye laser. The ejected electrons cited electronic state ions tend to be formed vibra-
are then energy analyzed and the data interpreted as in tionally excited in the same mode. In the present work
conventional photoelectron spectroscopy. Certain ad- on benzene, the situation is similar, although because of
vantages accrue from employing a laser as the photon the Jahn-Teller effect it is somewhat more complicated.
source. First, the linewidth of the light source is in- Due to the vast amount of high quality spectroscopic data .

significant compared with other resolution-limiting fac- which is available for benzene, literally hundreds of
tors. This is not the case with conventional atomic vibronic levels of the 'Bl. state could be excited. For
resonance lamps. Second, the spatial coherence of the this reason a rich array of new ion spectroscopic data
laser light enables one to intercept a molecular beam can be generated. Most importantly, the interpretation
with ease. Doppler broadening associated with the rela- of much of this data can be simplified because we can
tive motion of molecules and ejected electrons can there- exploit what is already known about excited states of
fore be minimized. Furthermore, rotationally and neutral benzene. In this study C$H6 and CGD, are ionized
vibrationally cooled molecules can be ionized in super- through ten and three of these low lying vibronic states,
sonic molecular beams. The rotational contour con- respectively.
tribution to line shapes mentioned above is then signifi-
cantly reduced. As will be seen below we are able to As will be demonstrated, knowledge about the ultra-

generate electron kinetic energy line shapes that are as violet spectroscopy of a molecule is certainly crucial

narrow as 3 meV FWHM. Spectra taken with effusive for interpreting a laser photoelectron spectrum, but

and supersonic beam sources will also be compared. the latter also conveys information which can be used

Finally, and most importantly, the laser can be tuned to assign features in molecular absorption spectra.

to various known vibronic levels of neutral benzene in
its 1B. first excited singlet state. Since the ionization
process then takes place from different vibronic states, The apparatus used to generate laser photoelectron
the distribution of ion vibrational levels generated spectra is displayed in Fig. 1. The radiation source
changes as the laser is tuned. From any particular consists of a homemade grazing incidence grating tuned
vibrational state of a neutral molecule ions will be dye laser pumped by a Lumonics 430 XeCI excimer
preferentially formed in certain vibrational levels and laser. The temporal width of the visible laser light is
not in others. The enhancement of, or discrimination about 2 ns and its frequency bandwidth is less than 0. 5
against, population of different ion vibrational levels cm"I as measured with a Fabry-Perot interferometer.
depends critically on the relationship between the po- The I to 2 mJ visible output of the dye laser is directed
tential energy surfaces of excited neutral molecules through either a KDP or KPB frequency doubling crystal.
and ions and also on the vibrational angular momentum The resulting 1-100 AJ ultraviolet pulse is - 1 ns in
quantum numbers of the relevant 'p, molecular and duration. A Corning 7-54 filter is mounted between the
"E., ion vibronic levels, dye laser and the photoelectron spectrometer. It ab-
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sorbs,almost all of the unconverted visible radiation to linear in electron kinetic energy. The latter is ac-
and transmits 50%-75% of the ultraviolet. Although complished by employing the simple relation
the shortest wavelength which one can generate with 1 mL a

KDP is about 2585 A, several of benzene's 18,. vibronic K. E..ictroa=

states can be reached between this wavelength and 2667 2 1

A. The KPB doubling crystal enables us to reach where L is the 49 cm electron flight path and m the
higher vibronic states. However, as is well known, electron mass. Between 10000 and 100000 shots are
this is not a particularly efficient frequency doubling required to generate a photoelectron spectrum with an
material. Consequently between 2400 and 2600 A less adequate signal-to-noise ratio. The number of electrons
than 5 g±J of ultraviolet radiation is available and we counted per laser shot was deliberately maintained at a
are only able to ionize through relatively strong vibronic fairly low value (0. 1 to 5) by varying sample pressure
transitions. and light intensity. This was done to minimize space

charge effects that can significantly deteriorate spectral
As depicted in Fig. 1, the ultraviolet laser radiation quality. 2 4 The signal strength depends on both the laser

passes through a 20 cm f. 1. lens, enters the spectro- intensity utilized and the oscillator strength of the
meter through a suprasil window, and crosses either vibronic band being excited.
a continuous effusive molecular beam of pure benzene
or a pulsed supersonic beam of benzene and argon in The C6 H8 (Fisher, Spectranalyzed grade) and CD 8

the center of a 15 cm diam aluminum vacuum chamber. (Sigma, 99. 5% D) employed in these experiments were

The light then passes out of the spectrometer through vacuum degassed but not further purified.
another suprasil window and impinges on a Scientech Experiments were performed at a variety of laser
power meter which monitors the average pulse energy. wavelengths corresponding to excitation of benzene into
In effusive beam experiments the chamber is evacuated several different vibronic states of its 'Ba. first excited
with a single CTI Cryotorr 7 which has a pumping speed singlet state. Hundreds of vibronic transitions into this
of 850 1/s for Ar. For supersonic beam experiments state have been assigned. 2 7' 2 As our guide for selecting
a source chamber is added above the laser/molecule laser wavelengths and matching them to benzene absorp-
interaction chamber and is separated from it by a 500 tions we have used the work of Atkinson and Parmenter.18

im diam skimmer. It houses a pulsed gas inlet system Fine tuning of our laser to some specific absorption
which is modeled after the design of Otis and Johnson.28 band was initially accomplished by performing simple

The nozzle of our pulsed valve is 350 /m in diameter. 1/Io absorption measurements with a 10 cm long cell
The supersonic beam source chamber is evacuated by containing between 1. 5 and 70 Torr of benzene vapor.
a CTI Cryotorr 8 which has a 1200 f/s pumping speed However, because of the rotational cooling of the ben-
for Ar. The base pressure of the laser/molecule in- zene, in supersonic beam experiments it became neces-
teraction region, as measured with an ionization gauge sary to record and maximize electron yield as a func-
mounted on the side of the chamber, is about 3 x10 -7  tion of wavelength when searching for resonances.
Torr. During effusive beam experiments this rises to Table I contains a list of the vibronic bands of C6 H6 and
about 2x 10 "e Torr. In supersonic beam experiments C6 D6 that were irradiated along with the wavelengths
the pressure in the ionization region remains below we employed in each case. The spectra which we ob-
4x 10-

r Torr while that in the source chamber rises to tained are exhibited in the next section, along with in-

about 2x I0" Torr. The pressure at the center of the formation explaining our method of data presentation.
molecular beam is certainly higher than we measure Details of our interpretation are delayed until Sec. IV.
at the side of the chamber but we do not monitor this.
Electrons generated by laser induced ionization are
ejected in various directions. Some travel down a flight IlI. EXPERIMENTAL RESULTS
tube mounted on one side of the ionization chamber per- In order to facilitate comparison of spectra obtained
pendicular to both the laser propagation direction and by exciting different vibronic bands, following transfor-
the molecular beam and parallel to the electric field mation of our time-of-flight data to a scale whirh is
axis of the linearly polarized ultraviolet radiation. The linear in energy, the spectra were lined up by overlap-
electron flight path to the microchannel plate detector ping , = 0 ion peaks. This was accomplished by plotting
is ~49 cm. In order to insure that the ejected electrons the electron signal intensity not as a function of electron
are not deflected by the earth's magnetic field the en- kinetic energy but as a function of ion internal energy,
tire system is surrounded by a magnetic shield and as given by
field coils. Together these reduce the magnetic field . =2ht - . . - K. E
inside the spectrometer to less than 1. 5 mG as mea-
sured with an RFL Model 101 magnetometer. The out- This effectively corrects for the dependence of electron
put signal from the microchannel plate detector is kinetic energy on photon energy. When the frequency
amplified and then digitized in a Biomation 6500 wave- doubled laser radiation was tuned into resonance with
form recorder. This provides us with information about bcnzene's 61 transition, photoelectron spectra depicted
the electrons' times of flight. Following each laser in Fia,. 2(A) and 2(13) were recorded. The effusive me-
pulse the digitized information is transferred to an lecular source and the supersonic source, respectively,
Apple 11 microcomputer and eventually stored on a were employed to generate these spectra. As is readily
floppy disk. The computer enables pulse counting and apparent, the peak line shapes are significantly dif-
conversion of spectra from being linear in flight time ferent in the two cases. Rotational cooling reduces
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TABLE L Energetics of benzene vibronic transitions excited. tion of ion vibrational states would resemble that gin-
erated by 61 excitation. The result of testing this hy-

Frequency Two photon Available ion' pothesis is exhibited in Fig. 2(D).
Transition (cm "1) energy (eV) energy (meV)

In order to investigate the effect of ionizing benzene

CAll from a vibrationless intermediate state, we excited the

60 38611.3 9.574 329 60 transition and recorded the photoelectron spectrum
in Fig. 3(A). This is the longest wavelength ionizing

60 I? 37617.1 9.328 206 transition investigated in our current series of experi-

61 1, 39534.6 9.803 558 ments. It is worth noting that the energy of two photons

60 37481.6 9.294 125 at this wavelength barely exceeds the ionization poten-
tial of CeHs (see Table I). Similarly, just a single

6f1l 38406.3 9.524 354 quantum of v, is excited in the 'Ba. state when we ir-

6f 16' 37321.1 9.255 134 radiate at the 611 transition wavelength. The resulting

610161 38450.5 9.535 339 spectrum is exhibited in Fig. 3(B). Due to the existence
of peaks in several of our spectra which must corre-

161 38562.4 9. 562 317 spond to low frequency ion vibrations, we hypothesized

61!, 38529.3 9.554 385 that benzene's lowest frequency normal mode vie might

621:2 38522.5 9.552 383 be involved in some of our spectra. For this reason
we deliberately excited only v16 in the R2, state by ir-

C64 radiating at a wavelength corresponding to the 6161

61 11 37841.0 9.383 256 transition. The resulting photoelectron spectrum ap-
pears in Fig. 3(C). We also excited a quantum of vie

6 37 712. 0 9. 351 178 in conjunction with Ps and then two quanta of just v1s.

61,16, 37572.2 9.317 187 The corresponding photoelectron spectra are displayed

in Figs. 4(A) and 4(B). Finally, in order to observe
aAvalable ion energy = 2kv +Ei, - 1. P. where Evi, is the vibra- the effect of ionizing from a vibronic level of the I B3 .
tional energy above the zero point level from which the excita- state involving two quanta of v6, we excited the 6I tran-
lion occurs. The same ionization potential (9.245 eV) is used sition of benzene. It has been shown that this band
for both CsHN and Cg DS in calculating these numbers. actuon of t s bn sowndthat6this bandactually consists of two subbands spaced by 6.8 cm'l.'8

linewidths from 6-10 meV in the effusive case to - 3-5
meV with the supersonic beam. The latter represents

the highest resolution yet obtained in the field of laser A

photoelectron spectroscopy. This is particularly note-
worthy since the subject of the Investigation is a poly-
atomic molecule. Because of this line narrowing, the
improvement in separating closely spaced vibrational
levels is clearly pronounced. The peaks in Fig. 2(B)
are sharper than those appearing in any other band we
attempted to record. This is because 61 happened to B

be one of the strongest bands in the spectral region we
are investigating and considerable time was spent op-
timizing conditions for recording this spectrum and in
gathering the data. Although with considerable work
most of our other spectra could have been improved, c
it would have been difficult to obtain equivalently high
quality cooled-beam spectra with hot band transitions;
the intensity of these is naturally reduced because of
vibrational cooling in the supersonic expansion.

For reasons discussed earlier it is anticipated that D
when a molecule Is ionized from some particular
vibronic level using different light wavelengths, the re-

suiting photoelectron spectra should be similar. In or-
der to verify this we excited the 641 ° transition which
involves the same vibronic level in the 1EB state as does

61. The resulting photoelectron spectrum appears in
Fig. 2(C). When the 611 transition is excited, con- ft.0-M V

siderably more energy is introduced into the molecule. FI. 2. Photoelectron spectra recorded by exciting the follow-
Consequently more highly vibrationally excited ion states tng transitions of Cslie; (A) and (B): 60; (C) 6'1f- (D) 6' 10.
become accessible. Because v, is a totally symmetric In (A) and (C) an effusive molecular beam was employed, in
ai, normal mode it might be expected that the distribu- (B) and (D) a pulsed supersonic beam.
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FIG. 3. Photoelectron spectra recorded by exciting the follow- FIG. 5. Photoelectron spectra recorded by exciting the follow-Lg transitions of CH: (A) 6 (B) 61 (C) 616. In (A) and
ingtrnsiios o C14:(A 61 () 10 10 (C 6161. n () nd Ing transitions of C,41 in an effusive molecular beam- (A) 60, 1?(C) an effusive molecular beam was employed, in (B) a pulsed (B) 6ri; (C) 60,161.

supersonic beam.

They are labeled 62,11 and 61 , where I is the vibra-
tional angular momentum quantum number associated P
with the degenerate normal mode Pa. For reasons dis-

A cussed in the next section we expected strikingly dif-

ferent photoelectron spectra when ionizing through each
of these. The results are depicted in Figs. 4(C) and
4(D).

- / 'As an aid to interpreting our laser photoelectron

spectra of benzene we excited three transitions of CeDs
analogous to those studied in C5H.. These included
6,111, 60, and 6"161. The resulting photoelectron spec-
tra are displayed in Figs. 5(A), 5(B), and 5(C), respec-
tively.

The locations of the peaks in all of the photoelectron
C I spectra that we recorded, relative to the v = 0 ion peaks,

are summarized in Tables If and M1. They should be
accurate to between ± 1 and * 3 meV depending on the
peak widths and congestion in the spectra from which
they are derived.

D IV. DISCUSSION

Before considering our detailed assignments of various
photoelectron peaks to particular ion vibrational states
it is worthwhile noting two qualitative features that

0, 2 characterize our spectra. First, as can be seen from
E-, .V Fig. 2, spectra obtained from effusive and supersonic

sources are virtually identical except for the line shape

FIG. 4. Photoelectron spectra recorded by exciting the follow- narrowing noted in the previous section. The relative
ing transitions of C611- in an effusive molecular beam: (A) peak intensities are apparently not affected by the rota-I0161 ! B 162 (C 21. 21:2
60i16 (B) 16( (C) 6?l,1. (D) 61 1. tional temperature of the molecules in the beam.
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TABLE IL Observed CgH. photoelectron peak locations and assignments. a

Transitions excited

assignments 61(o) 14(s) 0If, 61I's 6f 6f11 16, 60 16IQ 61 61, Calc.

16' 41 40 39 39 40 41

61(3,2) 43 44 45 43 44 40.3

4' 53 51 51

16, 77

16' 6' (3/2) 81

6'(1/2) 85 83 84 82 82.5 83 83 82.8

62(5/2) 93 86.3

16' 119

11 123 121 123 120 120 119 122 123
16'6'(1/2)12

6'(3/2) 133 132 132 132 137

9(1/2) 153 152

1' 16' 159 160

62(1/2) 165 165 165 154

1'6'(3/2) 165 165 163 167

16'62(3/2) 170

81(1/3) 195 195 192 192

1' 162 199
11 16 s 6'(3/2) 203

1'6'(1/2) 207 206 204 203

61(1/2) 219 211
1 6z(5/2) 215 g

6P(3/2) 232 230 228

12 243 238 .243

1t 16'6'(1/2) 244

1' 62(3/2) 255 250

161(3/2) 280 283

1' 6'(1 /2) 281

1V 6' (3/2) 401

aExpertmental and calculated data are listed in meV units.

Second, the production of vibrationally excited ions is TABLE II. Observed CgD% photoelectron peak loca-

strongly dependent on the vibronic level of the 1Bz. state tions and assignments.

from which ionization takes place. Depending upon Transitions excited
which vibronic level is excited, ions may be formed Peak Transitions excited
with a vibrational state distribution which is quite sim- a 1 35 34
ilar or very different from that produced by single pho- 161 35 34

ton ionization. Examples of these two cases are spec- 6'(3/2) 41.5
tra obtained by exciting the 6 o1 and 611 transitions, 4' 43.5
respectively. This agrees with results obtained on
other aromatic molecules that have been studied using 162 70.5

laser photoelectron spectroscopy. 6'(1/2) 79 80.5

A thorough, quantitative analysis of our photoelectron 1' 114

spectra is possible if the implications of vibrational 62(1/2) 158
angular momentum and the Jahn-Teller effect are con- l' 61(3/2) 158
sidered in depth. Basically, the effect of Jahn-Teller
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FIG. 6. The effect of weak Jahn-
Teller interaction on the energy levels
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distortion in a degenerate electronic state is to change excited with n quanta yielding a state with vibronic angu-

the vibrational potential. Consequently vibrational lar momentum jl. I The fact that j = 1/2 for all of these

levels associated with a certain normal mode k which states is important since it implies that no improvement

would otherwise be degenerate, equally spaced,and in single photon photoelectron spectral resolution will

labeled by a single vibrational quantum number vk be- enable one to measure Jahn-Teller splittings associated

come shifted and split. Solutions to the vibrational wave with these eu ion vibrational modes. The only other

equation containing a Jahn-Teller distorted potential C$H; normal mode that has been assigned from benzene's

have been calculated by Longuet-Higgins et al. 1' 1 and photoelectron spectrum is the totally symmetric non-

discussed by Herzberg. s2 The energy levels derived degenerate v1 , which is associated with a peak at 122

from diagonalizing a Hamiltonian that includes the Jahn- meV. This assignment is really unambiguous consider-

Teller perturbation are labeled by a vibronic angular ing the appearance of simple harmonic progressions in-

momentum quantum number ik, which distinguishes volving this frequency that have been observed pre-

levels of a given Vh that have different energies. The viously and in our S'10 and 60' spectra.

spacings between vibronic levels with the same v, and Based on the selection rule presented above, laser

different j, are referred to as Jahn-Teller splittings, photoelectron spectra should exhibit a variety of peaks

An energy level diagram qualitatively depicting anti- not found in the conventional single photon photoelectron

cipated first order splittings of an eu vibrational ladder spectrum. For examplewhen exciting the 61 transition

in an F, electronic state is presented in Fig. 6. of benzene the value of lg in the 14. level populated by

The selection rule for an allowed optical transition the laser is : 1. Therefore, when molecules in this

between vibronic levels of a nondegenerate electronic state absorb a second photon ions should be generated

state characterized by vibrational angular momentum in vibrational levels with j = 2 and 12. On the other hand,

lk and a degenerate electronic state characterized by when the (P transition is excited Is in the 1B2. state is

vibronic angular momentum f, is".30 0 so only je =2 ions are anticipated. In this case, the

laser photoelectron spectrum should look similar to the

conventional one. As a more complex example, com-
pletely different laser photoelectron spectra are anti-

cipaed wen xcitng he ~and6Il~ transitions.If we apply this same selection rule to photoionization cipated when exciting the VI' , and 6 11tastos
If e aplythi sae slecionrul tophooloizaion From the former only j- levels should be populated.

processes it follows that when ionization takes place From the former only j = n levels are pected.

from a level having IA" = 0 (e. g., the ground vibrational From the latter only j = and n levels are expected. It

level of any electronic state), then only ion levels with should be emphasized that all of the ion vibronic levels

fe = ' can be populated. (Since the energy of a level depicted in Fig. 6 except 63 (j = 7/2) should be observ-A =e canwbespopulated.t(Sincebethenenergyuof a level

depends on the absolute value of j,, negative values of able by two-step ionization of benzene through 60, 60,

this quantum number will henceforth be surpressed. and 6 transitions.

In the conventional photoelectron spectrum peaks at 84, In order to assign the peaks in our laser photoelectron

160, and 197 meV have been associated with ions in spectra we diagonalized the ,Jahn-Teller perturbed
their r. - 1, r, - 1, and P, I states. 32 If these as- Hamiltonian matrix following the approach of Longuet-

signments are correct then these levels should be more Higgins el al.S°'31 The distortion parameter, which they

precisely labeled as 61(1/2), 91(1/2), and 81(1/2), re- define D, was initially assumed to be 0.5 since this is

spectively. [In this notation k"j(j) refers to an ion typical of the values found by Sears, Miller, and

vibronic state in which the kth normal mode has been Bondybey for halogenated benzenes. '"1 The magnitude
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of the unperturbed Y6 quantum in C6 H*G (zE1 ) was initially for electrons having less than about 100 meV kinetic
estimated as that of va in the 1B2. state of C.H 6 (viz. energy. Those which are slower than this usuualk either
64.6 meV or 521.4 cm'). With these assumptions the cannot be seen or they appear in peaks of dimhirihed
lowest four eigenvalues corresponding to j levels of intensity. A small peak also appears in this spectrum
CeHa are found to be 0, 81.1, 151, and 200 meV. For between the 61(3/2) and 61(1/2) ion peaks. This L'es
the j = 2 levels, the calculated eigenvalues are 39. 5, not appear in any of our other spectra and has not been
134, 223, and 268 meV. For the j = , levels the lowest reproduced. We are currently ignoring it.
three eigenvalues are 84.4, 186, and 286 meV. (In all
cases these numbers represent energy spacings from The photoelectron spectrum produced by exciting

the 60 (1/2) ion vibrational level. ] These calculated re- through the 6111 vibronic transition is also quite similar

suits are in qualitative agreement with our experimental to the 610 spectrum although because of the higher photon

data and provide great help in interpreting it. Our laser energy it contains additional peaks corresponding to

photoelectron spectra will now be discussed individually, more vibrationally excited ions. The first three peaks

Subsequent to this the Jahn-Teller model will again be in the spectrum appear similar to their counterparts

considered. in Figs. 2(A)-2(C) although now the ground state ion
peak is somewhat smaller than both peaks associated

The spectra in Figs. 2(A) and 2(B) exhibit consider- with 61 levels. More dramatically, the 121 meV peak
able evidence of ion vibrational excitation. In contrast 1' grows substantially as a result of the excitation of

with the conventional photoelectron spectrum the first v, in the intermediate vibronic state. The 6z (3/2) peak

peak in each, corresponding to production of v:= 0 ions, at 132 meV is reduced somewhat while 116(3/2) at 165
is not even the strongest one. This conforms with our meV is slightly more intense. A strong new peak ap-

previous experience that vibrational excitation in a res- pears at 280 meV and this is assigned as l6' (3/2).

onant intermediate state tends to yield vibrationally ex- Although not shown in this spectrum one other peak

cited ions upon photoionization from that state. Peaks stands out at 401 meV. This is certainly 1361(3/2).
appearing at ion internal energies of 83, 121, 153, 195, The other peaks appearing in the 6111 spectrum occur
and 206 meV (670, 976, 1230, 1570, and 1660 cm-1) are at 82, 120, and 243 meV. The first two were discussed
in good agreement with those at 84, 122, 156, 197, and above. The last peak undoubtedly corresponds to pro-

207 meV in single photon induced photoelectron spec- duction of ions in the 12 vibrational state. Apparently
tra.2, 3,32 As discussed above these must either be as- the 1' and i2 peaks stand out well in this spectrum be-
sociated with vL or with j =2 levels of Jahn-Teller ac- cause of the excitation of v, in the 1 B. intermediate
tive modes. Based only on the above approximate cal- state.
culation the 84, 153, and 206 meV peaks might seem to
correspond to ions in their 61 (1/2), 62 (1/2), and 63 (1/2) It is apparent from Fig. 3(A) that when benzene is
levels. However, as will be seen our spectrum obtained ionized from a vibrationally unexcited 'Bi. level almost
by ionizing through the 62l 1 transition conclusively iden- all of the ions produced are vibrationally unexcited. The
tifies the 62 (1/2) level with a 165 meV peak. Further- two small peaks which follow the v = 0 peak may appear
more, the 206 meV peak is more likely associated with weaker than they should be because of the spectrometer
production of 1161 (1/2) ions since progressions involv- transmission at 40 meV. Nevertheless, generation of
ing P, are ubiquitous in our data. We have no compelling vibrationally excited ions must be highly disfavored at
arguments by which to assign the 153 and 195meV peaks. this laser wavelength. The two small peaks, at about
Therefore, for now we retain the 91 and 81 assignments 40 and 52 meV, are more clearly seen in Fig. 3(B)
of previous workers. Several peaks appear in our spec- which exhibits the photoelectron spectrum generated by
tra that have not been previously observed or assigned. ionizing through benzene's 601' transition. Neither of
These occur at 44, 132, 165, 232, and 255 meV. The these peaks overlaps with our assigned 61(3/2) ion peak
first two of these agree quite well with calculated eigen- which, as discussed above, is not expected to appear in
values listed above so these must be associated with this spectrum. Noting once again that no peaks at all
ions in their 61 (3/2) and 62 (3/2) vibronic levels. The are observed in this region of the conventional photo-
165 meV peak could be 62 (1/2) mentioned above but it electron spectrum of benzene, 1-4 their appearance in
could also be 1161(3/2). Its broadened and irregular our spectra may initially seem surprising. Only one
shape suggest that it is a combination of both. The normal mode of benzene has a vibrational frequency of
weak 232 and 255 meV peaks in this spectrum are tenta- this magnitude. This is via which is 399 cm"I (49. 5
tively assigned to 6 (3/2) and 116 z (3/2) ion levels, re- meV) in the ground state of C8 H8 and 238 cm-' (29. 5
spectively. meV) in the =Bg state. 28 In various excited Rydberg

states vis has been reported to be between 300 and 335
The photoelectron spectrum obtained by exciting the cm "' (37 and 41.5 meV), 10-4 in excellent agreement

601, benzene transition is quite similar to the 61 case, with our 40 meV peak. The photoelectron spectrum
as had been expected. The three main peaks in Fig. derived from exciting benzene's 616' transition appears
2(C) appear at the same locations and with similar rela- in Fig. 3(C) and confirms this assignment. Here we
tive intensities as in Figs, 2(A) and 2(B). The fourth find strong evidence for a &v,8 =0 propensity rule for
peak at 121 meV is diminished in intensity. This may ionization from an excited vibronic level of benzene.
result because the ionizing photon energy is so small This is an impressive example of how vibrationally ex-
that the electrons in this peak possess less than 70 meV cited ions can be preferentially produced even with light
and our spectrometer's transmission drops somewhat that exceeds an ionization potential by only 0.13 eV.
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Two possible assignments for the weak 52 meV peak above, nevertheless a t, = 0 process is much more
should be considered. vi, is a doubly degenerate normal strongly favored. The effect of vibrational excitation
mode in ground state benzene but it could possibly he is apparently greater than the effect of a small change
split in the ion. However if this were true, we would in molecular geometry in leading to excitation of ions in
expect to see the 52 meV peak in our 6,161 spectrum this nonsymmetric mode of vibration.
[Fig. 3(C)i and we do not. The via normal mode of
vibration coresponds to an out-of-plane skeletal bending. The photoelectron spectra obtained by ionizing benzene

While several of benzene's normal modes involve out through its 62, 11 and 62I* transitions certainly provide

of plane motion, the only other one classified by Var- the most striking demonstration of wavelength and se-

sanyi as a skeletal vibration is v4.3 In the 'A, and 'B,. lection rule dependence thus far uncovered by laser

states this has frequencies of 707 cm 1 (87.6 meV) and 365 photoelectron spectoscopy. These transitions are just

cm 1 (45.2 meV), respectively.28 Our 52 meV peak 6.8 cm'1 apart in the near ultraviolet. Yet one expects

may well be associated with this normal mode. Further only j6 = ion levels in one case and J6  , ion levels

evidence supporting this assignment comes from our in the other. As evidenced in Figs. 4(C) and 4(D) the -

isotope substitution data which is presented below. experimental results confirm these predictions. In Fig.
4(C) we detect substantial peaks at 0, 83, and 165 meV

It is worthwhile to consider why out-of-plane normal of ion internal energy. The first two of these are cer-

modes of vibration should be excited when benzene is tainly6 = 2' levels. The fact that the 165 meV peak is

ionized from a vibrationless or symmetrically vibrating the most intense one in the spectrum strongly argues
1'Bi intermediate state. Since out of plane modes are for its assignment as 62 (1/2), a conclusion that was

neither symmetric nor Jahn-Teller active for a Dh briefly mentioned above. Other substantial peaks that

molecule their excitation is not anticipated and, in fact, we have only observed in this one spectrum include

is not observed in the conventional photoelectron spec- 61 (1/2) and 1162 (1/2) at 219 and 281 meV, respectively.

trum of benzene. The simplest explanation for their [The latter actually overlaps with the expected 64 (1/2)

appearance in our spectra is that the equilibrium geom- peak location. However, we suspect that the intensity

etry of benzene in its 'B2. state must not be exactly of 64 (1/2) would be substantially weaker than that of

planar. We emphasize that the nonplanar distortion 1162 (1/2).] Two very weak peaks at 41 and 51 meV are

must be slight because our peaks at 40 and 52 meV are undoubtedly the same pair that we have observed in

certainly very small. This interpretation agrees per- some other spectra [e.g., Figs. 3(A) and 3(B)1. We

fectly with the recent results of Riedle, Neusser, and did not anticipate or observe a peak at 44 meV in this

Schlag who have demonstrated through rotational analy- spectrum. However an unexpected rather complex peak

sis of a very high resolution two photon absorption spec- between 120 and 130 meV appears. Its assignment is

trum that 113= benzene is indeed slightly nonplanar.3 4  uncertain. B

In Fig. 4(D) we see a striking reversal of the spectral
The photoelectron spectrum generated by ionizing pattern depicted in Fig. 4(C). The vibrationless ion

through the 6, 16[ transition is depicted in Fig. 4(A). peksnwisgiictysmlassthoeat8

The separation between the first two peaks agrees with peak is now insignificantly small as is the one at 83
thespaat o measu e twee the 16rspeum Fureeither e meV. (The fact that they are detectable at all could
that measured from the 6016 spectrum. Furthermore, either be a consequence of a breakdown of the selection
it overlaps almost perfectly with the 61 spectrum of rule presented earlier or it could simply be from slight B
Fig. 2(A), if the v =0 peak of the 60 spectrum is lined overlapping of the rotational contours of the two 62
up with the 39 meV peak of the 601161 spectrum. In other vibrational angular momentum components.) This spec-
words, all peaks in the 61016[ spectrum except the first trum is dominated by peaks at 44 and 93 meV. These
one correspond to levels in which v,16 is excited in con- correspond to 61 (3/2) and 62 (5/2) levels according to
junction with those modes excited in the 6" spectrum. our rough calculation above. Naturally one then expects
This spectrum provides further confirmation of the as- to see 1161 (3/2) and 1162 (5/2) peaks and finds these at
signment of v16 as 39. 5 meV. Exciting vie by way of 167 and 215 meV. The 62 (3/2) level at 132 meV also
the 16g transition leads to the rather unusual photoelec- appears along with 1161 (3/2) and 1'6' (3/2) at 250 and 283
tron spectrum depicted in Fig. 4(B). The v=0 ion peak meV, respectively.
is really not discernable from the noise. This leads
to some ambiguity in measuring peak spacings, since A discussion of the two photoelectron spectra derived
we normally measure these from a well defined v= 0 by exciting 62 transitions would not be complete without
peak. Nevertheless, based on our best estimate of the establishing the final assignment of these two vibra-
v = 0 peak location we observe very strong peaks at 77 tional angular momentum components. Atkinson and
and 199 meV, that are attributable to ions in their 162 Parmenter28 clearly showed that from their ultraviolet
and 11162 levels. Smaller peaks at 40 and 160 meV absorption spectra alone one could not determine which
probably correspond to ions in their 161 and 11161 levels, component accounts for the observed bandhead at
A relatively complex peak near 119 meV probably con- 38 529.3 cm" and which accounts for the one at 38 522. 5
sists of overlapping contributions from 163 and 11 ions. cm "1. Our photoelectron spectrum in Fig. 4(C) was ob-
Similarly, a small peak at 236 meV probably results tained by ionizing benzene at the former frequency and
from ions in both 12 and 11163 levels. It is interesting thatin Fig. 4(D) resulted from employing the latter.
to note a general trend in Figs. 3(B), 3(C), 4(A), and From the preceding discussion we conclude that the
4(B). Although for vts a Av 1 process is not completely higher frequency transition must be 6,101 and the lower
forbidden, probably because of the reason discussed frequency transition 611,2
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TABLE IV. Final normal mode assignments and isotope ratios.

'A la 
•  B h 

•  2E IEb

H D Ratio H D Ratio H D Ratio

Yi 995.4 945.6 1.053 923 879 1.050 121 115 1.052

P4  707 599 1.180 365 .. . .. 51.5 43.5 1.184

Pe 608.3 580.2 1.048 522.4 498.0 1.049 83.5 79 1.057 (j =J)
44 42.5 1.035 (=j)

Vie 398.6 347.7 1.146 237.3 207.1 1.146 39.5 34.5 1.145

aEnergy levels in cm" for 'A,, and 1B2. levels taken from Refs. 27, 28, and 40.
"Our measured energy levels in meV.

Laser photoelectron spectra of C6D6 generated by in the case of P'4 since its assignment was based on such
exciting the 10 60, and 616' vibronic transitions are little hard evidence. Calloman, Dunn, and Mills2 ' list
presented in Figs. 5(A), 5(B), and 5(C), and should be vibrational frequencies for C6H8 and C8Ds in their 'A,
compared with their C6H analogs in Figs. 2(C), 3(A), ground electronic states. Our experimentally observed
and 3(C), respectively. The data are tabulated in Table isotope ratio for the peaks that we assigned to v4 is
III. The first vibrationally excited ion peak in Fig. closer to the v4 ratio that they list than it is to the
5(A) is separated by 41.5 meV from the v =0 peak. isotope ratio of any of benzene's other 19 normal mode
This spacing is associated with the 6' (3/2) mode of frequencies. Hopefully, final confirmation of this as-
C8Da. The second peak, at 79 meV, should correspond signment will be derived in future experiments when
to ions in their 61(1/2) level. The third peak, at 114 we will ionize benzene from vibronic levels in which v4
meV, results from production of ions excited with one is known to be excited.
quantum of P1. This agrees with the observation and
interpretation of Potts et al.3 The final peak, at 158 Since the density of accessible ion vibronic levels
meV, could be assigned to ions in either their 1161 (3/2) increases with ion internal energy, unambiguous as-

or 6 (1/2) levels. Analogous to the 60 spectrum of signment of our laser photQelectron peaks requires

CaHa, when exciting this transition of C.Da most of the better than semiquantitative agreement between our

ions are produced vibrationally unexcited. However, model's predictions and the experimental data. Some

three small peaks appear at energies of 35, 43. 5, and of our peaks could be assigned to two or more indis-

80. 5 meV. They are assigned to C6D; ions in their 16', tinguishable ion levels, for example. While the limited
41 , and 61(1/2) levels. The 41 assignment, which is the electron energy resolution certainly exacerbates this
least certain, is further discussed in the next paragraph. problem our model for the Jahn-Teller distorted vibra-
When C6D8 is irradiated at the wavelength of its 6016' tional frequencies certainly requires optimization. The
transition most of the ions generated are vibrationally approach employed by Sears et al. '$'to has been to fit
excited in their 161 level. This is in complete agree- their experimental halogenated benzene cation fluores-

ment with the analogous C8116 spectrum. A noteworthy cence data by varying the value of the Jahn-Teller dis-

feature in this spectrum is that for CaDs a significant tortion parameter and the unperturbed ion vibrational

additional peak appears at 70. 5 meV. We conclude that frequency until agreement between the observed and

this corresponds to ions generated in their 162 vibra- calculated data results. When our D parameter is
tional level. Therefore, once again we see evidence of varied between 0. 30 and 0. 70 in steps of 0. 01, best
a propensity for Av,8 =0 but a small probability for a agreement is obtained for D=-0. 50 with an unperturbed

Av, 6 1 transition, vibrational frequency equal to 66 meV (532 cm'-). This
value of D implies that the electronic stabilization in-

In order to quantitatively exploit isotope substitution duced by Jahn-Teller distortion along the ve normal
data the Teller-Redlich product rules should be em- coordinate is only one-half of the energy of the P6 vibra-
ployed.35 Unfortunately to apply these, information tional quantum. Therefore, benzene cation cannot be
about all of the normal modes belonging to a certain pictured as having just Ds8 or Jahn-Teller distorted
irreducible representation must be available. Since Oh symmetry. Rather, in the course of its vibrational
our data on COH;, and especially CD;, is still sketchy motion its geometry changes and it spends some time
we can only employ the approximate, empirical isotope in the symmetric configuration and some time distorted.
substitution rule that the ratio of a normal mode fre-
quency in a moelcule to that in an isotopically substituted The calculated energy level spacings for C8 Hs are
molecule is independent of the molecular electronic included in Table II along with the experimental data.
state. Based on this we compared the frequencies of Figure 7 presents this information pictorally. Agree-

11, 1,4, v6, and v16 for C 8 6 and CD 8 in the 'A,, ground ment between the model and the experimental data must
electronic state, the 'B,. state, and the ZE, ion ground still be viewed as seniquantitative. Sears et al. ob-
state. It is evident from the results listed in Table IV tained significantly better agreement between theory
that agreement based on our assignments of these and their experimental data by including additional off-
modes , quite reasonable. This is particularly helpful diagonal matrix elements in their Jahn-Teller perturbed
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Observed Calculated

230 228

219
211

200
190

165

154

132 137
FIG. 7. Observed and calculated
vibronic level structure in the
2E1, ground electronic state of
C6Al.
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Hamiltonian. These derived from nonlinear contribu- The values that we have obtained for v6 and v16 are
tions to the molecular potential and coupling between justifiable and appealing to a chemist's intuition. As
three or four of the Jahn-Teller active ez, modes. mentioned above, our optimized value for the unper-
Their model required the diagonalization of up to 7000 turbed va vibrational frequency is 532 cm " . This is in
x7000 matrices, in contrast with the 16 x 16 matrices between the values of ve in benzene's 'A, ground state
which we employ in our single mode model. In the (608.3 cm " ) and 14. first excited singlet state (521.4
future when more experimental data on v8 and v9 becomes cm'-). An el, r electron is promoted to an antibonding 0
available the additional effort to perform such a sophisti- e2 , ir* orbital to generate the 'B2. excited state. This
cated calculation on benzene cation will probably be same ir electron is then removed to form an ion in its
justified. The fact that a simple single mode model ground electronic state. It is qualitatively reasonable
seems to be more adequate to explain data on Ca1 than not only that the bonding capability of benzene's T; elec-
on C8F6 may not be fortuitous. In conventional photo- tron system is weakened upon photoionization (leading
electron spectra C6 F* ions are generated with considera- to a lower ion vibrational frequency) but also that the
bly more vibrational excitation than are C8H* ions. boiding is further weakened when the r electron is re-
Furthermore, C6 F; normal modes tend to be lower in tained in an antibonding 7* orbital. Although this ob-
frequency and therefore more closely spaced than those servation may now seem rather obvious, 85 meV (680
of CBH;. One might therefore expect to observe more cm "1 ) has been the accepted value for v' in C8HG, even
coupling between the modes of C61F', thus explaining the though this implies that the v8 frequency is higher in
greater need for a multimode model to interpret this the ion than in the ground state of the neutral molecule.
ion's spectroscopic data. Several groups have calcu- To rationalize this it has sometimes been argued that
lated the total Jahn-Teller stabilization energy of ben- benzene's 7T electrons are basically nonbondini-a sug-
zene from first principles. The results, summarized gestion which is clearly incorrect. An equivalently
by Sears ef al." 1 are comparable to what we have ob- simple and understandable situation now exists for v,,

served for v6 alone. Further comparison awaits ex- and v4. Our ion frequency of 39. 5 meV (319 cm "1) is
perimental data on other Jahn-Teller active modes. in between the 'Au and B values for v16 of 398.8 and

J
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237.5 cm-1. Likewise, our 51. 5 meV (415 cm-') ion by transitions to excited states having vibronic angular
assignment for P4 is between the 'ALr and 1B2. values of momentaj 8 =-. This is exactly analogous to what is
707 and 365 cm'1, respectively, observed in the single photon photoelectron spectrum

of benzene. By means of hot bands they were even able
Implicit in this paper has been a model of the COH 8  to assign a few j6  levels. In all comparable cases

ionization as a two-step process. Initially, an el, 7r t sinafw 2lvls nalcmaal ae
ionizton is proote t oess. molecuary orbial ea our benzene ion vibrational frequencies are found to be
electron is promoted to an e molecular orbital leaving very similar to the Rydberg state values.
benzene in some vibronic level of its IB first excited
electronic state. Subsequently, a second photon is ab- This work has considerable relevance to other studies
sorbed by the excited benzene, generating an ion in involving laser induced ionization of benzene. For
some vibrational level of its ground electronic state. example, it has been suggested that because the laser
However, we cannot rule out the possibility that benzene photon energy barely exceeds the ionization potential
in its excited 1B2. state absorbs a photon promoting a ions must be generated with only a small amount of in-
second e, electron to an ezu molecular orbital. The ternal energy, and furthermore that molecular ions can
resulting state could autoionize to ground state ions. be excited to definite energy levels with visible or UV
Alternatively, if it were sufficiently long lived this two- light. 38 As can be seen from the complex collection of
electron excited benzene could absorb another photon spectra in Fig. 2, the real situation is considerably
yielding an electronically excited ion. While we cannot more complicated than this. The particular vibronic
rule out the rapid autoionization mechanism, absorption state excited in the course of the two-step ionization
of a third photon seems unlikely for two reasons. First, plays the greatest role in determining the vibrational
the additional available energy would be expected to state distribution of the resulting ions. Smalley and
dramatically affect the observed photoelectron distribu- co-workers have performed two color ionization experi-
tion. Our spectra are interpretable based on absorp- ments with benzene.39 Using one wavelength in reso-
tion of two photons. Second, the laser ionization mass nance with the 61 transition and a second tuned from
spectrum of benzene taken with either dye laser or KrF 2800 A to shorter wavelengths they measured the
excimer laser radiation indicates that at the low light threshold ionization spectrum of benzene. One of their
intensities employed in these experiments only C6H* important observations was a sharp rise in ion yield at
ions are generated. 38 ' 37 Absorption of a third photon about 335 cm" (41 meV) and a slower rise at about
most likely would lead to ion fragmentation since the 860 cm "1 (107 meV) above ionization threshold. The
input energy would in this case exceed the known ap- latter was attributed to excitation of v8 in C8 H*, but the
pearance potential for C61Hs and C3H* formation from first feature was not assigned to a vibrational spacing
benzene. Photodissociation of CH; using ultraviolet due to its failure to appear in benzene's conventional
light has in fact already been demonstrated. 10 The rate photoelectron spectrum. However, now that we have
of stimulated transitions is comparatively slow at the observed ions in their 6' (3/2) vibrational state following
light intensities that we employ in these experiments, laser excitation through 610, the assignment of this
(Approximately 2x 108 s" assuming a cross section of feature in their spectra to this same vibrational spacing
I0",1 cmZ.) It would be surprising if any autoionization appears justified. It is unnecessary to invoke an auto-
that might be occurring were not considerably faster ionization mechanism to explain their observed thresh-
than this. In fact if autoionization were involved and its old ionization spectra.
rate were much slower than this our TOF electron peak
line shapes would be affected. Experiments with higher V. SUMMARY AND CONCLUSIONS
intensity light pulses might be revealing since stimulated
transitions could then compete with autoionization even It has been demonstrated that laser induced photo-
if the latter took place on a more reasonable subpico- electron spectra of benzene can be generated that are

secod tmesale Intha cas, nw, ntesit deen- rich in vibrational structure. The enhanced vibrationalsecond tim esca le . In that case, new , intensity dep en- in o m t n c n e t r su s b ca e i n z t on c u s
dent peaks should appear in the observed photoelectron information content results because ionization occurs
spectra corresponding to production of a new electronic from vibrationally excited levels of electronically ex-

state of benzene. This would indeed be interesting since cited states. In addition to accessing previously unob-

such an ion f-t-tte would be the result of a two-electron served ion vibrational states, laser photoelectron spec-
excitation process. This is generally not observed in troscopy expedites the interpretation of spectral peaks

conventional single photon photoelectron spectroscopy because ionization proceeds through known, previously
and certainly has not been for the particular case of assigned vibronic levels. Spectroscopic information
benzene. Aside from this fascinating possibility this about excited molecular electronic states which has

technique is presently limited to deriving spectroscopic been gathered over the past several decades can there-

information about the ground electronic states of ions fore be fully exploited. This method of deriving or con-

in contrast with Hel resonance lamp ionization which firming ion vibrational spectroscopic assignments can

can access higher electronic states. Therefore, no new be used in conjunction with classical methods involving

information has been obtained relating to the contro- molecular isotope substitution. The combination of

versial energetic ordering of benzene's occupied molec- these approaches was useful in interpreting photoelec-
ular orbitals. tron bands involving va and v18. Conclusive assignmentsfor these normal mode frequencies have been derived.

The present results are in excellent agreement with A tentative assignment for v4 in benzene ion has also
the recent study of benzene's E Rydberg states by been proposed. The necessary data to measure and in-
Whetten, Fu, and Grant.2 2 Their spectra are dominated terpret the Jahn-Teller splitting of vibronic states in-
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valving P, was derivable for the first time as a con- which should be extractable. By means of allowed
sequence of the two-step nature of the photoionization single photon and two photon processes, vibronic levels
process employed in laser photoelectron spectroscopy. involving 16 of benzene's 20 different normal modes can
Our new value for the "unperturbed" P. frequency is in be reached in the 'Bz, first excited singlet state. As-
much better agreement with the expectations of chemical suming that excitation through these levels will lead to
intuition than was the ion frequency derived for v8 from C6H* ion modes vibrating similarly we expect to be able
the conventional photoelectron spectrum. to experimentally observe most of benzene ion's normal

mode frequencies using laser photoelectron spectro-A &v ' 0 propensity rule for photolonization from an
excited state has once again been demonstrated, although scopy.
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Multiphoton Ionization Photoelectron Spectroscopy
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AhslWract. Rcce~itt research in using the mlonito~ring of phuitoectromn gcnerated in
the course- of molecular rnultiphoion ionliation i% reviewed, Information about the
order of the multiphoton ioni/ation process, the identity and ionitton potential of the

sp'isioiii.'ed. and spectruscipic data about excited states of neutrat imolecules anld
the ground stamte- of ion% can alt be extracted usung this new techiiique.

I%TR0)fl'CIOIN of neutral s %%is ill Ie considecred herein.) Fouing~
Rcscaii cii usols ing fle i. ou'i. in (if gamse ums saniles the succes.sful Xc and (',lI[. c sperimic it s ci nsid ra hle
comm nc ed %o00 afte r the iniit ial des clopment of litiwer- efflort has gi Ic int improi ing the resoi ttIon (if t hc
ful pulsed laer' Following the suiccessful denionstra- photoelctron energy .inalyses. A% will bec discuss.cd
tion of laser induced ioni/ltion it %%as once again just a below resolution comparable to or even better than that
short time before attenmpts %%ere made to monitor the of consentional resonance lamp photoecctron spec-
kinetic energs distribution of the electrons ejected in the trometers has been attained and it is improving all the
photuiionization process." U.nfortunately these early time. Samples oif current interest to researchers can be
sttdies were not particularly encouraging. Using laser broadly classified into three types:
photons with energies of 1-2 eV researchers detected (1) diatomic molecules,
electrons ejected from the focal regions with kinetic (2) polyatomic molecules.
energies ranging from 0 to 16A1 cV! The acceleration of (3) transient species.
electrons to such energies has been rationalized by The purpose of the present paper is to briefly review
in% oking electromagnetic field gradient forces (a classical how laser photoelectron experiments are performed.
effect insolving time averaged acceleration of a charged what has been learned about molecules and ions, and
particle out from the center of a focussed laser beam). what might be invecstigated with this technique in the
Neverthcless the lack of resolvable or interpretuble future.
structure within the tob.%rved photoelectron energy dis-
tributions evoked little interest in the technique amisng EXPERIMENTAL
chemical spctiroscopists. This was in marked contrast Becausec fast pulscd (- Itt0 nannsecond duration) lasers are
with the ver% successful concurrent blossoming of the used for generating ions the time of flight (TOF) method is the
field of conventional (resonance radiation induced) ultra- obvious choice for electron kinetic energy analysis. Photocee-
violet photoelectron spectroscopy. Laser ionization diAitrons are produced in a short well-defined time intersal and the
not become chemically relevant until the development of laser light pulse provides a convenient start signal for timing

electronics, In addition, the TOF method usually does not
molecular multiphoton ionization spectroscopy by John- require electron optics. This eliminates optical aberration prob-
son and coworkers." This technique was quickly adopted lems that tend to degrade energy resolution in conventional PES
by others.! Several research groups then became in- electrostatic instruments.
terested in the fact that fragmentation, in addition to The nonrelativistic kinetic energy of an electron is
ionization, can occur when an intense UV laser beam n
irradiates isolated gas phase molecules. To investigate E T
this phenomenon laser ionization sources were inter- 2 2-

faced with mass spectrometers.""i While the latter are where m is the electron mass., L is the flight path length and tis
successful at identifying exactly which ions are generated the time required for the electron ito traverse the distance L.

(an ths i crcia instuiesof an er aal coplees Evaluation oif an clectro)n* kinetic energy is thus simply a
(and tissrcial i sbttud ies) thva ey aal ot pro- matter of measuring it% flight time ito an electron multiplier overand solopiall sustiute spcie). heydo ot ro- a known distanee. One a pparaitus that accomplishes this task isside mcchanistte informiation about how ion fragmients displayed in Fig. 1. White a pilsed, skimmed suprsronic beam of

are ctull ceatd. ur iitil moivaionfor onior- molecules is depicted therein, we often use a simple unskimmed
ing the ejected photoelectrons was to5 try to extract effusive source. I to III gA pulses (if ultraviolet radiation

pinformation of this kind, emanating from either an escimer laser or a frequency doubled
The first low resolution but clearly interpretable laser dye laser arc focussed with a 21) cm fl. lens and intercept the

photoelectron experiments involved Xe atoms and CoH,, molecular beam. The ejected electrons fly off in various direc-
molecules.""i (For the present discussion we explicitly tions. A small fraction of them reach a microchannel plate
exclude discussion of laser induced photodetachnient of detector 49 cm away that has a gain of over one million.
electrons from negaitive lions. Considering that research Following amplification the signal is digitized by a waveform

rccbrder or a time-to-digital converter. Electron energ res.olu-of this kind involves single photon prowesses atd nontun- go isdtriegyteyarweso h icdn ae us
p ~~~able laser sources it is really quite similar to coniventional lo sdtrie ytenrons fteicdn ae us

photoclectron spectroscopy. Only studies involving the
production of electrons from the laser induced ionization *Alfred P. Sloan Fellow.



in space. frequent). and tmin. b% the bandwidth of the timing the unreolhed pho oelctron band i, on thc order of 41.5 it) 1.0
clectronic%, and by the electric and magnetic fields that influence eV; this i% comparable to those obtained in conenrtional
electrons in the course of their flight toward the electron photolIectron spccroscop . Replacement of the excimct light
multiplier. There is a complex interplay between thee factors. source b% a narro, band. tunable. frequency doubled dye laser
Their relative importance depend% on the sample being studied ha- led to an cnormou, improcment in tc-,,lution tiih our best
and particularly on the kinetic energies of the clectron, being casc no%% being about 3 mcV. Due to the %mall solid acceptance
analyzed. In our earliest study of the photo lectrons ejected angle of a 1 OF instrument %uch as that depicted in Fig. I a very
from the ionization of bentenri tapor we employed KrF and small fraction of the clectron, ejected from the focal volume of
ArF excimer lasers as photon sources." Their poor frequency the lascr are detected. Oe then ha% the choice of cithcr
and temporal resolution prevented us from resolving vibrational generating an enormous cloud of charge to obtain a rcasonable
structure in the resultant photoclectron band. One spectrum signal at the detector or clsc avcraging a very %%cak electron
that we recorded is depicted in Fig. 2. Note that the FWHM of signal over a very large number of la%cr pulscs. Since we have

found that the former approach leads i deterioration of
electron energy rcsolution" we ipically add up the signals
produced hy alut Illa laser shots to record high quality
photoclectron spectra. Count rates are usually about one clec-
Iron per laseor pulse. 1 he lIo cnvrgy LIV lascr pulses employed
in this work are ohainah: from man) nitrogen or 'xcimer
pumped d~c lascrs ccn afler frequency doubling in nonoptimal
crystals such as potasium pcntaborale (KPB) or lithum formate

avmonoh)dratc (I.FM). Vacuum pumping requirements depend
on the lypc oif molecular beam %ource (effusive, supersonic,
pulsed, etc.) being utilized. In order to minimize collisions
between ejected clectrons and background gas we usually

cT-a maintain an operating prcsurc of les, than 10 ' torr in the
PUy"oYPa electron flight tube.

Val" RIUL"S AD tSU('tSSION

A. Diatomic Molecules
The m~olecule niost thoroughly studied to) date has

been NO." This is not surliri,,ing since its relatiiely low
lying electronic %tates aid small ioni/alion potential
make it a convenient prototype molecule for an) spectro-
scopic work. In most of the sludics performed thus far

, , /ct, II the NO A'X and C:11 intermediate electronic states have
r ,I been excited by two or three photon transitions using

0 visible or ncar-UV dye lasers. One or two additional
photons are then needed to ionize the molecule. Photo-
electron data indicate that some ions are generated in the

- M I so same vibrational level as was excited in the resonant
intermediate state, but substantial numbers are gener-
ated in highly vibrationally excited levels. Considering
that the A and C states of NO are both Rydberg states
and are known to have equilibrium internuclear dis-
lances quite comparable to that of NO* this is at first

Fig. 1. Apparatus for recording laser induced photoelectron sight somewhat surprising. Franck-Condon arguments
kinetic energy distributions by time of flight. Our pulsed super- would suggest that NO* ions should be created predo-
sonic molecular beam equipment is depicted. minantly in the same vibrational level as is populated in

the resonant intermediate state. Similar results have
recently been reported with CO.2 ' although at least in
this case the fact that the All intermediate electronic
state excited has a different equilibrium internuclear
distance compared to that of the ion warns us not to
expect solely ..v =0 transitions upon photoionization.
Apparently something more than a simple two-step
excitation/ionization prtocesst must be occurring in these
molecules. Complications that could lead to unusual ion
vibrational stale distributions include:

(I) vibrational autoionization,
(2) electronic autoionization.
(3) production of electronically excited ions,
(4) excitation of another electronic state between the

initially populated intermediate state and the ion.
Arguments associated with the contributions of these
mechanisms have been presented.'" The last of these

tO 00 0.6 0.4 0.2 mechanisms has rccieved recent support." We have
Electron Kinetic Enery, OW ionized NO by directly exciting the v = 0 vibrational

Fig. 2. Kinetic energy distribution of the photoelcctrons level of the A electronic state using single UV photons
ejected from benzene ionized by radiation from a KrF excimer near 2160 A."' Virtually no photoelectrons were ob-
laser, served that could be associated with production of ions in



any lcel other than v -U-I. Since the energy of two of our v '0 of the A electronic slate. (Actually due to a
photon, exactl) equal% that of four of the photons used slight wavelength uncertaint the asignment of the J
by earlier Aorkers. sse should be able to reach the same level is onl) certain to t I. lowevcr when various
autoionizing lescls that they reached, if they really were rotational levels in thi, .'avelength region are excited, all
exciting autoioni/ing levels. At the wavelength we used yield simple %pectra similar to that depicted in Fig. 3.)
onlv the Ioest electronic state of NO' ions can be The separation between the center peak and each of the -.
populated. Our data therefore suggest that in the previ- small side peaks correspond, to two rotational quanta in
ous multiphotwn ionization experiments electronic states the ion according to data listed by Ifuber and Herzicrg."
in betwecen the A: excited state (of neutral NO and the We conclude that the rotational %election rule for photo-
X:! ion ground state probably have been populated. ionization from the A " electronic state is AN = 0 with

The major goal of our NO work had, in fact, not been AN = + 2 being slightly allowed. These results agree
to elucidate the four-photon ionization mechanism, but with the predictions of Bonham and Lively. We are
rather to obtain rotationall resolved photoelectron currently obtaining rotationally resolved photoelectron
spectra so as to experimentally uncover rotational selec- spectra by multipholon ionizing NO from its Cll and
lion rules associated with photoionization proceses. D" electronic state% in a further attempt to compare
Rotationally resohed molecular photoclectron spectra experiment with theory.
have only been previousl. recorded in studies with H2  A second type of diatomic photoelectron study has
,Ahich has an unusually large rotational constanl.-"' been performed by Hepburn et al.' They simultaneously
These studies were somesshat limited by the fact that photol)zed and ionized CCI , F, and CCI,F and obtained
ionization takes place from a distribution of rotational CC'I and CF" ions. This work is significant in two
levels in a single vibrational and electronic state. This led respects. First it demonstrates that when ion fragments
to ions being generated in a distribution of rotational are observed in the multiphoon ionization mas spectra
levels, independent of the photoionization rotational of polyatomic molecules. they may arise from di socia-
selection rule. Bonham and Lively have recently pre- lion of neutral species first foilowed by ionization of the
dicted that the rotational selection rule should depend on fragments. This contrasts with the more commonly oh-
the symmetry of the state from wshich photoionization served process whereby parent ions are formed and thcn
occurs." Clearly this cannot be investigated by ionizing photodissociated. Secondly and more significantly this
molecules only from their ground states. In a major step demonstrates that photoelectron spectra of transient free
forward Pratt et al. recently photoionized H , from radicals can be easily recorded by laser photoelectron
selected rotational levels of its B'. excited electronic spectroscopy. Due to the difficulty of obtaining such
state and recorded photoelectron spectra that were par- spectra with conventional techniques laser ionization
tially rotationally resolved.*' More recently we have could have a real impact in this area, both for diatomic
photoionized NO from high rotational levels of its A l1 and polyatomic samples. At present we are attempting to
(v = 0) state and obtained rotationally resolved spectra.' °  record the laser photoelectron spectrum of photolytically
An example of one of our distributions is depicted in Fig. generated CH2 radicals. If successful this will enable us to
3. This was obtained by exciting the J = 21.5 level of' directly measure the controversial singlet-triplet elec-

tronic state splitting of this radical.
AN. 0

B. Polyatnmic Molecules
The most popular subjects for laser photoelectron

experiments among polyatomic species have been
aromatic molecules. Our work has focussed on benzene,
toluene and anilhine""'' while Anderson, Rider and
tare have investigated chlorobenzenc." and Kimura and
coworkcrs'"" and (ompton and coworkers" have
studied benzene and 11,S. Most of these experiments
have involved just two step ionization. It is particularly
gratifying that high resolution photoelectron spectra can
be recorded by laser ionization because of two severe
limitations of conventional PES. First, most photoelec-
Iron hands of large molecule% exhibit barely resolved
vibrational structure." Second. even , hen such structure
is seen the number of peaks that appear is small relative
to the number of vibrational modes of the molecule."
Thus an extremely limited amount of ion vibrational
spectroscopic information can be extracted. Some ions,

ANS -2 AHs*2 such as those of halogenated benzencs, can be probed by
infrared absorption or laer induced fluorescence.'" But
others, like CH. itself, have not been amenable to study
by these methods. Thus, photoelectron measurements
represent our primary hope for unravelling the ion

1200 1a i 100 sso vibrational spectroscopy of many of these species.
Eleciton En,,V (n.V) Conidcring that ions are an important class of

Fig. 3. PhotoIvtron p.%lrum of NO obtained by resmnant molecules that commonly possess degenerate ground
one-photon excitation of a sngle rotational line in the 0-0 electronic states, they represent an important proving
hand of the A,-X system. The rotational assignment of the ground for testing our understanding of Jahn-Teller
excitation line is tentative and is most likely R(21.5). effects in isolated molecules. This is significant because



Jahn-Tlelr etfect% have so often been discussed in the there is also no icjon why at high light intensities it
inorganic spectroscopy literature. bt inorganic com- could not. In fact the haloinehllone study of Ilephurn et
pound, can rarel b e investigated as isolated gas phase al. ' suggest, that this type (if mechanism must in some
species. Crsstal field effct% can coiplicate the spectra of cases IV important.
inorganic solids. (',lI, has always been one of the The lirst high resolution (i.e.. comparable to that

ptmilar. c\almplc of a species that should exhibit gcnerall) obtaina hle with conventional single photon
Jahn-Teller splitting. yet until it -was investigated by tlser techiqlus) lascr phol.ctcron sp.ctrum reported was
pho-toclectron spectros.opy its secrets had not b.cn that of toluene." As depicted in Fig. 4. we dcmonslratcd
re\caled. that when ionization occurs from %ibrationalvl unexcited

The first low, resolution sludy of ben'ene. as men- levels of toluene's first excited %inglet stale, vibrationally
tioned above. ,mfploycd KrF and ArF excimer lasers as unexcited ions are preferentially produced. When nor-
light sources." lhe purpose of Ihis sludy %as to learn mal modes ,,,, and v,. are excited in the resonant
s% hether the ejected photorelectron% could all he inter- intermediate ltate ions are preferentially formed ,,ibra-
plrcted in terms of two photon ioni/;alion or % he tler tionall, excited with one quan tum of excitation in each of
some are ejected with energies corresponding to three, these modes. This was significant as it pointed directly
four or more photon absorption. "]he data in Fig. 2 toward the immense potential of laser photoelectron
indicate that the fastest photoelectrons posse,, about spectroscopy for extracting information about ion vibra-
1.75 eV of kinetic energy. Since the ionization potential tional levels that are not normally obserablc , hen a
of benzene is 9.25 eV and we scre employing 4.99 molecule is ionized from a vibrationlcss level of some
photons this threshold is in excellent agreement with a electronic state. This potential has recently been cx-
simple two photon ionization mechanism. Since the ploited in much more thorough investigations of benzene
photoelectron spectrum was unchanged when cxcimer and aniline.
laser pulse energies capable of creating fragment ions The UV absorption spectrum of benzene has often
were employedZ we concluded that the generation of been studied and is quite well understood.' One can
ion fragments probably occurs after parent ion formation easily tune a frequency doubled dye laser to hundreds of
rather than simultaneous with it. Note that our crude different vibronic absorption bands in benzene's
electron energy resolution might well have hidden from 'B2. -'A,, 2600 A system. A substantial fraction of
detection such processes as benzene photofragmentation these transitions have been assigned, and we have re-
followed by ionization of the photofragments. There is corded photoelectron spectra by exciting several of
still no evidence suggesting that the latter occurs, but them.w In all cases numerous peaks are observable that

have not been detected in the conventional C,-I. photo-
electron spectrum. Some are displayed in Fig. 5. The
spectrum in Fig. 5A results from exciting the 6 transition
of benzene. At first this spectrum was difficult to inter-
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Fig. 4. Photoclectron spectra generated by two-photon ioniza-
tion of gai. phase toluene. Laser is freonant with the S, ,-S, ..0 1,0o

origin (Fig. 4A). twh, (Fig. 4B) and 2 (Fig. 2C) transitions. The .......

jbs,,,,. ion internal energy. is the quantity 2?p- I'- KE Fig. .5. Lasr phot.olectron spectra obtained by exciting the
where hv is the laser photon tnergy and KE is the pholele- following vibronic lcvcls of bnicnc's 'B. electronic state:
iron kinetic energy. (A)6 , B) . . . .. .. . F (G6 ,



pret since the strongest peak in it. at 355 cm '. had never mctry than henzenc. l)uc to the increased number of
appeared in a CH, photoelectron spectrum before. the atoms and the reduction in molecular ,)mmctry it pos-
one at 680 cm-' had previously been assigned to the 6' scsses more normal mode frequencies and. in particular,
ion vibrational lesel. tilowever. b calculating the vib- many more totally s) mnictric %ibrational modes. Consc-
ronic enery Icls allowed for C.1H,: based on evaluating quently its laser photoelectron spectrum contains even
the coupling between electronic and vibrational angular morc vibrational information than does that of beniene.
momenta in a Jahn-Teller distorted electronic state we While the first band in the conventional photoclectron
demonstrated that both of these peaks can be associated spectrum of aniline is barely rcolvahle, and assign-
kith r = I of v,. The first represents the j =I' vibronic ments based on it are entirely speculative, the laser
component. the second is the j = 1 component. The photoelectron spectrum is rather clearly interpretable.
spacing between these is the Jahn-Teller splitting for Figure 6 depicts lascr photoclectron spectra recorded by
normal mode v.. Remarkably enough this splitting of 325 exciting the origin and two hot bands. As one would
cm" had never been observed in conventional photo- expect by the Franck-Condon principle these spectra are - -
electron spectra of benzene. This was not because of a virtually identical. The center spectrum is particularly
deficiency in resolution; rather, it was a selection rule significant since the A' transition in the UV absorption
effect. 'le follow ing selection rule is found to be applica- spectrum of aniline (at 33990) cm') had not been previ-
ble to a photoionization process: ously asigned before. It has been labelled "'origin-4(0" by

= ,-- ±Scheps et al.' who assumed that it was a %cquence
transition. However, the v I level of the incrsion

%here j. is a vihronic angular momentum quantum mode of aniline is only 40 cm ahose the v = I level and
number for mode k in the ion. and I, is the vibrational we hypothesized that the band at 3391K) cm might be a
angular momentum quantum number for the level from simple hot band insolving the inversion mode. Two
which ionization takes place. From this expression one observations have confirmed our hypothesis: (I) The first
can see that only j' = ± I' levels can be reached by peak of the laser photoelectron spectrum recorded by
ionizing a molecule from a vibrationless level, since I" is ionizing aniline at this wavelength appears at exactly the
zero in that case. This is why the 6'(,) peak at 355 cm-' correct electron kinetic energy if the two-step ionization
had never before been seen. Assignments for other peaks process is assumed to initiate from a vibrational level 40
in this N' spectrum were obtained by this same method of cm-' above the v = 0 level of the ground electronic state.
analysis. For details see Ref. 30. In Fig. 5B the photo- (2) The general similarity of the spectra in Fig. 6 indicates
electron spectrum obtained by ionizing through the 6 I' that all arise from ionization of aniline from the same
band of benzene is observed. While qualitatively similar (tk =0 for all k) vibronic level of its excited electronic
to the spectrum of Fig. SA. two small differences are
evident. First, the ion vibrational progression appears
longer because the higher photon energy enables more
ion vibrational energy levels to be accessed. Second, the
peak at 976 cm- is somewhat larger now. This peak
corresponds to production of ions in level '; it makes
perfect sense that this becomes more probable when 2
ionization is induced from a vibrational level of the 'B2.
slate in which v, is excited. Figure 5C depicts the
photoelectron spectrum recorded by ionizing CH. from
a vibrationless level of the 'B2, state. In contrast, when
one quantum of v. but no other normal mode is excited
the spectrum appearing in Fig. 5D results. Every peak in
this spectrum has been assigned. As an example of how
definitive assignments can be made, we hypothesized
that the peak at 320 cm-' corresponds to ions vibration- lot
ally excited in mode v,,. To confirm this we excited
benzene's 64 6, transition and recorded the spectrum
appearing in Fig. 5E. This peak is now clearly enhanced,
indicating that our proposed assignment was correct.
Probably the most spectacular examples of the success of
our Jahn-Teller distortion model of CH, are displayed
in Figs. SF and 5G. Different vibrational angular momen-
tum components of benzene's 6 transition are excited in
these two spectra. The UV wavelengths used to generate 0
these spectra differ by less than 0.5 A. yet the resulting
photoelectron spectra are dramatically different. This is
because in one case (Fig. 5F) ionization is occurring from
an I. =0 level %hereas in the other case (Fig. 5G) it is
occurring froin an 1. = + 2 level. The appearance. or lack
of appearance. of ecry peak in the first 16(MI cn of ion I I

internal energy in both spectra turns out to be clearly 0 io 200 300
undtrsta ndI1ble! ton rternat Enwergy. meV

We have recently completed a similar rather com- Fig. 6. Laser photoelectron spectra obtained by exciting the
prehensive study of aniline's laser photoelectron spec- v -0 level of the first excited singlct state of aniline from
trum. Aniline is a molecule of considerably lower sym- various vibrational levels of its ground electronic state.
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Benzaldehyde photochemistry studied with laser ionization
mass and photoelectron spectroscopy

S. Randolph Long, Jon T. Meek, Patrick J. Harrington, and James P. Reilly4

Department of Chemistry. Indiana Univenity, Bloomington, Indiana 47405
(Received 5 October 1982; accepted 6 December 1982)

Multiphoton ionization has been successfully employed either by absorption of several photons to produce a

for several years as a molecular spectroscopic tool. 1-3 highly excited benzaldehyde ion which rearranges and

More recently, it has been utilized to generate molecu- fragments to form CGH* or by decomposition of single-
lar ions in the source regions of mass" and photoelec- photon excited CGH 5 CHO to C.116 and CO followed by
trong' t s spectrometers. The low operating pressures ionization of C6 e. Berger et al. 17 have shown that CH 6

employed in these instruments make them ideally suited molecules appear with high quantum yield in the course

for studies of isolated molecule photochemical process- of benzaldehyde photolysis at 2760 and 2840 A in a low-
es. In two-step ionization, a molecule is first promoted pressure bulb.
to an excited electronic state from which it is subse-
quently ionized. If it dissociates or rearranges follow- Our experiments employ laser wavelengths at 2587

ing the first step but before the second, the observed and 2589 A. While the S2 -S 0 absorption of benzalde-

mass and photoelectron spectra can be affected. In the hyde 7 is continuous from 2900 to about 2450 A, bands
course of ionizing benzaldehyde unanticipated spectra appear in the benzene absorption spectrum near 2600

are generated, and their description and interpretation A. Benzene exhibits a strong St- So, 60 band head at

provide the subject of this correspondence. 2589 A but does not absorb at 2587 .t' Two 2589 A
The5 leinphotons (2h, 5 77 222 cm-1, 9.57 eV) are sufficiently en-

The laser ionization massa and photoelectron'3 '1 ' ergetic to ionize both benzaldehyde (I. P. = 9.52 eV) and
spectrometers employed in this work are described in benzene (I. P. = 9. 245 eV).
detail elsewhere. Briefly, an effusive beam of benzal-
dehyde (chamber pressure 1 x 10"s Torr) is irradiated
with the focused output of a tunable narrowband frequen- Figure 1 displays the mass spectrum observed when

(a) benzene is irradiated at 2589 A, and when benzalde-
cy-doubled dye laser pumped by a Lumonics TE-430 hyde is irradiated at the two wavelengths, (b) 2589 A,
XeCl excimer laser. Photoelectrons are energy ana- and (c) 2587 A. For 2589 A irradiation of either mole-
lyzed by time-of-flight with resolution of about 10 meV. cule, the strongest peak, by two orders of magnitude,

Ion mass spectra are recorded by utilizing a TOF mass is at mass 78. When benzaldehyde is irradiated at 2587
spectrometer with the same molecular beam and vacuum A, the mass 78 peak intensity is 100 times smaller than
chamber. Extensive signal averaging is performed in it is when the laser is resonant with the 6, transition of
both experiments with a small computer. Less than 15 benzene while the mass 106 peak is very weak but of

,J of ultraviolet radiation per laser pulse were em- comparable magnitude at the two wavelengths. To in-
ployed in these ionization experiments. Since high light vestigate if the mass 78 peak obtained when irradiating

fluxes generally yield extensive ion fragmentation in benzaldehyde is the result of benzene impurity, we em-
laser induced mass spectra, these low pulse energies ployed our gas chromatographic inlet' to separate ben-

were expected to minimize this effect. zene (which we found present in the benzaldehyde at a
Earlier mass spectral experiments by Antonov et al. 18 level of one part in 860 by conventional GC analysis)

revealed that even at relatively low KrF laser intensities from the benzaldehyde before irradiating it in our spec-
irradiation of benzaldehyde produces substantially more trometer. The benzaldehyde mass spectrum was unaf-

CH e* than CGH$CHO'. Benzene ions could be produced fected by this separation.

J. Chem. Phys. 78(6), Part I, 15 March 1983 0021-9606/83/063341.03$2.10 C 1983 American Institute of Physics
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FIG. 2. Laser photoelectron spectra of (A) benzaldehyde and
(B) benzene with irradiation at 2589 A.

9.8 9.9 V0.0.1
Time of Flight, us The implications of our benzaldehyde study for the

FIG. 1. The mass 78 region in the laser ionization mass spec- field of photochemistry are clear. This method pro-
tra of benzaldehyde and benzene. Trace A: benzene irradiated vides a new means of identifying transient as well as
at 2589 A (SI-S o 60 band head). Trace B: benzaldehyde ir- stable products of photochemical processes. Transients
radiated at 2589 A. Trace C: benzaldehyde irradiated at 2587 whose ionization potentials and ionic vibrational fre-
A. Approximately 6 ,J is used In all cases. Masses 78 and 79
are designated by arrows. quencies are unknown may be conveniently studied with

laser photoelectron spectroscopy. Furthermore, the
rates of fast photochemical reactions occurring in iso-
lated gas phase molecules are measurable if two laser

Figure 2 depicts photoelectron spectra recorded during pulses with a variable time delay can be employed to in-
2589 A irradiation of (a) benzaldehyde and (b) benzene. duce the two-step ionization process.
The two are apparently identical. A detailed interpre- We gratefully acknowledge the Camille and Henry
tation of the benzene spectrum is being published else- Dreyfus Foundation for a Young Faculty Award and the
where. Is No photoelectron spectrum is obtained with Research Corporation for a Cottrell Research Grant.
2587 A irradiation of either molecule. These data dem- This work has been supported by the U. S. Army Re-
onstrate conclusively that the CGH* generated in the two- search Office under contract number DAAG 29-81-K-
step ionization of benzaldehyde results in fact from ion- 0097 and by the Office of Research and Development,
ization of neutral CeHl. Furthermore, the photochemi- Environmental Protection Agency, under grant number
cal decomposition of S2 benzaldehyde into CeH 6 and CO R808790-01-0.
must occur on a ns timescale. This process appears to
be faster than the rate of photoionization of S2 excited-
state benzaldehyde. If the photoionization cross section *'Alfred P. Sloan Fellow.
of benzaldehyde in this state is estimated to be 10 "  1P. M Johnson, Acc. Chem. Res. 13, 20 (1980).
cms, the latter rate would be approximately I to 15 x10 2D. H. Parker, J. 0. Berg, and M. A. EI-Sayed. in Advances
s"1 at the light intensities employed in these experi- in Laser Chemistry, Springer Series on Chemical Physics,
ments. In the analysis of their kinetic data on benzal- edited by A. H. Zewatl (Springer, Berlin. 1978), Vol. 3.
dehyde photolysis, Berger et al. 7 concluded that inter- 3T. G. Dietz, M. A. Duncan, and R. E. Smalley, J. Chem.
system crossing populates two triplet states which then Phys. 76, 1227 (1982).
decompose with lifetimes of - 20 ns and -2.5 IA S Our 4v. S. Antonov and V. S. Letokhov, Appl. Phys. 24, 89 (1981). Pdeopose n winth to 5M. Seaver, J. W. Hudgens, and J. J. Decorpo, Int. J. Massobservations indicate that substantial benzene formation Spectrom. Ion Phys. 34, 159 (1980).
occurs within the 2 ns laser pulse. Unfortunately, we 6L. Zandee and R. B. Bernstein, J. Chem. Phys. 71, 1359
cannot be more quantitative than this because of differ- (1979).
ences in the gas pressures and light intensities used in tj. P. Reilly and K. L. Kompa, J. Chem. Phys. 73, 5468
studying the two molecules. (1980).
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ULTRAVIOLET LASER INDUCED IONIZATION OF MOLECULES NEAR SURFACES

Richard B. OPSAL and James P. REILLY *
Department of Chemistry, Indiana University, Bloomington, Indiana 47405, USA
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Aromatic molecules are multiphoton ionized in the source region of a time-of-flight mass spectrometer using the output
from a KrF excimer laser. Under certain operating conditions unusually sharp mass spectral peaks are observed. It is demon-
strated that these result from ionization of molecules initially adsorbed to a metal surface. The implications of this phenom-
enon are briefly discussed.

Mass analysis in laser ionization mass spectrometry adsorbed to metal surfaces.
is often done by time of flight [1 -5]. With the excep- Our homemade TOF mass spectrometer has been
tion of a recently developed reflection instrument [6], described recently 1121. The ion drawout region con-
the resolution of most spectrometers of this type is sists of four parallel nickel grids as depicted in fig. I .
mediocre. M/AM, which is typically -250, depends The potentials on each of these can be set indepen-
upon: dently. When gaseous benzene is introduc-d and

(1) The spatial spread of the region over which 0.1-1.0 mJ pulses of KrF excimer laser radiation
ionization occurs. illuminate the region between the first two grids,

(2) The velocity distribution of molecules being C6H+ ions are generated and easily detected [1,2].
ionized. In order to distinguish ionization occurring at or near

(3) The time resolution of the laser and TOF elec- the surface of a grid from that taking place in the bulk
tronics. gas phase, grids 0-3 are maintained at relatively high

The possibility of eliminating the first and second potentials of +2000, -2000, -2000 and -2000 V.
factors by ionizing molecules which are not in the gas Under these high drawout electric field (6350 V/cm)
phase but which are actually adsorbed to a flat surface conditions, ions formed at slightly different locations
is intriguing. If spectrometer resolution were deter- within the region between grids 0 and 1 are imparted
mined by the third factor alone, the use of ultrashort significantly different kinetic energies and therefore
laser pulses and low jitter picosecond timing elec- have significantly different flight times. Due mainly
tronics would lead to excellent mass resolution. Fur- to the spatial spread caused by the finite width of the
thermore, ionization of molecules adsorbed to surfaces laser beam which produced them, the C6H6 ions yield
could be a practical and sensitive method of surface
spectroscopy. Finally it may be advantageous to use GRIDS

low-intensity pulses of ultraviolet radiation for ionizing 0 1 2 3

involatile, thermally labile samples instead of high- I I
power infrared radiation which is usually employed in
laser desorption mass spectrometry [7- 11]. Motivated 2
by these considerations we have investigated the UV j
laser induced ionization of small aromatic molecules

Fig. 1. The ionization region and acceleration grids in our
Alfred P. Sloan Fellow. laser TOF mass spectrometer.

0 009-2614/83/0000 0000/S 03.00© 1983 North-Holland 461
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a TOF peak which is relatively broad as seen in fig. 2A. first grid, mass spectra displayed in figs. 2B and 2C
Its fwhm is -195 ns. Note that this is definitely were recorded. The sharp peak, whose fwhm is z 18
broader than a C6 H+ ion peak would normally be in a ns, is identified as C6H+ ionized at or very near to the
conventional laser mass spectrum. If recorded in our grid surface. This interpretation follows not only be-
mass spectrometer under normal low-voltage ion draw. cause of the mass spectral dependence on lens position
out conditions such a peak would have a fwhm of only but also because the temporal location of the sharp
24 ns. The temporal resolution of our waveform re- peak agrees with our calculated TOF only if we as-
corder and ion time-of-flight electronics is sufficient sume that it corresponds to C6H+ originating at the
for accurate measurement of the fig. 2A peak width, surface. Furthermore whenever the sharp peak is de-
A simple computer program which calculates an ion's tected, it always appears at the same flight time. The
flight time as a function of its initial position enables broad peak, in contrast, shifts when the focusing lens
us to estimate the spatial fwhrn of the laser focal spot is translated. Finally, applic2 tion of high positive
to be 0.36 nun. (This actually assumes a linear rela- voltages to the third grid of our mass spectrometer
tion between light intensity and ion production reduces the intensity of the broad peak relative to
which has been found for moderate laser intensities that of the sharp one. This is because ions produced

[2]. The spot size estimate should be construed as further from the first grid approach the third one with
rough.) lower kinetic energy and are therefore discriminated

The precise location of the laser beam in the ioniza- against by a high decelerating electric field. The width
tion region could be shifted using a lens mounted in a of the surface ionization peak is determined by the
translation stage. As the light was moved toward the three factors listed at the beginning of this paper.

Its narrowness in comparison with the gas phase peak -

observed under these same high drawout field condi-
A tions indicates that the region over which surface

ionization occurs must be substantially narrower. The
12 ns temporal width of our KrF laser pulse con-
tributes significantly to tile surface ionization peak
width. However, if this contribution is ignored upper
limits on the width of the region over which ioniza-
tion occurs and on the kinetic energies of the initially
generated C6H ions can be calculated using our ion
flight time analysis program. The conclusions are that
the ions must be generated within 36 m of grid 0 and
with kinetic energies less than 14 eV. Once again we
emphasize that these are upper limits.

It is interesting to note that the sharp, surface peak
in figs. 2B and 2C appears at an earlier time than the
broad gas phase peak even though in our picture ions
generated at the surface must travel a greater distance
to the electron multiplier. This is a consequence of
their receiving more kinetic energy by starting their

, fflight at a higher positive potential. The temporal re-

6 65 7 75 lationship between these two peaks depends critically
on the voltages applied to the ion drawout grids and

Time-of-Flig t (/.sec) on the distance of the laser focal spot from the sur-

I ig. 2. TO1 mass spectra of benzene ionized with Krl: laser face of grid 0. Our ion flight time progdial enables us
radiation. Only the parent ion mass region is displayed. In (A) to estimate the distances betwecn the center of the
the laser irradiates gas phase molecules between the rst two
ion drawout grids. In (B) and (C) the laser focal spot is pro- laser spot and the metal surface for generating the
gressively moved toward the first grid. spectra of figs. 2B and 2C to be 310 and 140 pm re-
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used. We observe the same peak profiles independentA 133Cs of whether we are collecting our data in an ion
39K counting mode (i.e. one ion or fewer per laser pulse)

or in a current recording mode (e.g. on the order of 0
100 ions per laser pulse). Because most of the laser
beam irradiates gas phase molecules and only a frac-

5 6 7 8 9 tion of it skids across the metal surface we cannot

B draw any firm conclusions regarding the relative effi-
ciencies of the processes which yield our broad and
sharp ion peaks. 4

The narrowest surface ionization peaks which we
I I have obtained thus far, with a ns frequency doubled

6 6. 7 7.5 dye laser as light source, are approximately 6 ns fwhmn.

TimeOf-Figh (,uec)While our Biomation 6500 waveform recorder has a
Timeof-Figh (~ueC)500 MHz digitizing rate, its jitter is specified as 3

Fig. 3. (A) TOF mass spectrum resulting from KrF grazing in- channels so it is unlikely that a signal-averaged peak
cidence illumination of the first ion drawout grid. '400 gj narrower than 6 ns could have been recorded with our
of energy per haser pulse. Gas phase benzene is simultaneously instrumentation. Since the temporal spacing between
being introduced, while potassium and cesium has been evap- ams 8adams 9inudrtehg-otg
orated onto the grid beforehand. (B) Expanded view of the ams 8adams 9inudrtehg-otg
central portion of (A). conditions which we utilized is 42 ns we can currently

claim surface ionization mass spectral resolution of
only -500. If the time resolution of the laser and elec- 0

spectively. When the laser is moved even closer to the tronics is our limiting factor, then the attainment of
surface than in fig. 2C the surface and gas phase peaks higher mass resolution will require lower accelerating
overlap yielding a triangular-shaped peak with a 5 ns voltages and correspondingly longer ion flight times.
rising edge and a 300 ns, tail. When lower voltages are Under these conditions the velocity distribution of
employed the surface peak can actually appear at later the ions in the surface peak will contribute more to
times than the gas phase peak. The two are experimen- its width because any kinetic energy spread will be 4
tally most easily distinguished under high electric more comparable to the ion acceleration energy. How
field conditions. serious this velocity distribution effect will be remains

When potassium and cesium were evaporated onto to be seen.
the first grid and irradiated by the laser, mass spectra The mechanism of the UiV laser induced surface
depicted in fig. 3 were recorded. The alkali-metal ionization of benzene is not yet clear although the pos-
peaks provided a convenient mass spectrometer cali- sibilities include: 4
bration. Note that the naturally occurring isotopes of (I) Single-photon excitation of adsorbed molecules
potassium with masses of 39 and 41 are both detected. followed by electron transfer to the nickel substrate.
The benzene surface and gas phase peaks are barely (2) Two-photon ionization of molecules which are
discernable in fig. 3A but stand out on the expanded actually adsorbed to the surface,
scale of fig. 3B. (3) Laser induced desorption followed by gas phase

The relative areas of the surface and gas phase two-photon ionization of molecules very near to the 4
peaks strongly depend on the precise location and an- surface (eg. a benzene neutral molecule with 10 eV
gular orientation of the laser beam with respect to the of kinetic energy only travels 60,urn during a 12 ns
metal surface. While in fig. 3 the surface peak appears laser pulse).
small relative to the gas phase peak, under some oper- However the ions are generated, the high electric
ating conditions we have observed it to be substantially field draws them away from their place of origin to.
taller than the latter (although its area is generally ward the second drawout grid.
smaller). The absolute areas of the two peaks depend In contrast with infrared laser desorption miass
upon the benzene pressure and the laser intensity spectrometry which involves a non-selective, thermal
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processes [7-11], the C6H+ surface ionization yield tric field and the laser intensity and wavelength are
exhibits a sharp wavelength dependence when a now underway.
tunable frequency doubled dye laser is employed as
the radiation source [13]. By this we mean that when We gratefully acknowledge the Camille and Henry
the UV wavelength is tuned over a benzene vibronic Dreyfus Foundation for a Young Faculty Award and
band, such as 61, the wavelength dependence of the the Research Corporation for a Cottrell Research0'
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gas phase absorption spectrum. We have not yet de- Research Office under contract number DAAG 29-81 -
termined whether the two are exactly identical be- K-0097 and by the Office of Research and Develop-
cause when our wavelength ib tuned our frequency ment, Environmental Protection Agency, under grant
doubling crystal must be rotated to maintain phase number R808790-01 -0.
matching. Consequently the laser beam position shifts
slightly. The surface ionization signal is sensitive to
these shifts, so we really need an improved method to References
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MULTIPLE PEAK FORMATION IN LASER IONIZATION MASS SPECTROMETRY
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Molecules in the source region of a time of flight mass spectrometer are ionized by ultraviolet laser radiation. Under cer-
tain conditions mass spectra consisting of a remarkably periodic set of ion peaks are generated. It is demonstrated that these
result from spatially periodic ionization within the mass spectrometer which is a consequence of the development of stand-
ing electromagnetic waves.

While numerous studies of laser induced ionization peaks appear: broad ones which result from sample
of gas phase molecules in mass spectrometers have ionization in the bulk gas phase and narrow ones corre-
been performed in recent years, selective, non-thermal sponding to ionization at or near to the grid surface.
ionization of species adsorbed to surfaces has only re- The appearance of these peaks has previously been dis-
cently been reported [1,2]. It has been demonstrated cussed [2]. When a single substance like benzene is in-
that when unfocussed excimer laser radiation impinges troduced into the mass spectrometer and the excimer
on one of the accelerating grids in a TOF laser mass laser intensity is low enough (under I mJ per pulse) no

spectrometer (see fig. 1) two types of mass spectral ion fragmentation occurs and only C6 H6 ions are form-
ed. Under these conditions one broad and one narrow

Present address: Department of Chemistry, University of peak appear in our TOF mass spectrum.
Maine, Orono, Maine 04469. Recently we have been performing similar experi-

• Alfred P. Sloan Fellow. ments with 1-50 MJ pulses of narrowband frequency

doubled dye laser radiation. In one study the laser was
tuned to the 61 transition of benzene (259 nm) and

TO EM

V3

V, -- LASER
SEAM ION TIME OF FLIGHT

Fig. 2. TOF mass spectrum (in the region near mass 78) result.
Iig. I. Ion drawout region ot FOF laser ionization mass spec- ing from irradiation of bvii.ene vapor and a Ni toil ion repel-
tro leter exhibiting irradiated plate and accelerating grids. Ap- ling plate. The first sharp peak appears at 6488 ns.h I'AWIIM
plied voltages. V0 - V3 arc noted, of the distribution is approximately 200 ns.

0 030-4018/84/$03.00 © Elsevier Science Publishers B.. I
(North-Holland Physics Publishing Division)
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was allowed to impinge on a sheet of Ni foil which
serves as the initial acceleration grid of the mass spec- A Ca

trometer depicted in fig. 1. The remarkable TOF mass
spectrum displayed in fig. 2 was then generated. Under
these conditions a series of rather sharp, equally spacedpeaks appear. The first of these peaks, although it no
longer appears unique, occurs at exactly the same flight

thie as our previously observed narrow surface ioniza-
tion peak. In order to investigate the mechanism by
which these "multiple peak" spectra are produced sev-
eral experiments were performed and these will now
be discussed, -A 4 -J

(1) A few different organic compounds, such as ON T OF nLXrT -

toluene, aniline and benzaldehyde, were introduced Fig. 3. Multiple peak mass spectra of benzene exhibiting the
into the mass spectrometer. Results similar to those effect of drawout field variation. Voltages applied to initial
with benzene were obtained. In each case the observed drawout grids and temporal locations of the first sharp peak

mass spectrum consisted of a series of sharp peaks, the were (a) ± 2000 V, 6488 ns (b) ± 1500 V, 6944 ns (c) ± 750 V,

first of which appeared at a flight time corresponding 7866 ns.

to molecular ion production at the first mass spectrom-
eter grid. At higher laser intensities fragment ions were probe the effect of drawout field variation we reduced
generated. To each fragment there corresponded a se- the voltages applied to the first two grids from t2000
ries of multiple ion peaks. Cs was also vapor deposited to ± 1500, ± 1000 and finally to ±750. The effect of
onto our mass spectrometer grid. Mass spectra record- this on our multiple peak mass spectra was profound,
ed by irradiating such a coated grid with dye laser light as can be seen in fig. 3. Its significance is discussed be-
yielded only one single sharp surface ion peak whose low.
flight time corresponded to that of Cs'. This result (5) In order to probe whether the laser beam might
was thus identical to that previously obtained with a possess some reproducible spatial intensity structure
KrF laser. we scanned across our 3 mm diameter unfocussed UV

(2) Different metals were employed as the first laser beam with a 10 tn wide spectroscopic slit, moni-
-target" grid. In place of the Ni foil mentioned above toring light transmission as a function of slit position.
we employed a glass plate onto which we had deposit- The result was a rather smooth curve in fig. 4 which
ed a coating of Al metal. Multiple peak mass spectra
again resulted. The observed patterns were even
smoother and more regular than those obtained with
Ni foil. (Examples will be presented below.) Identical
patterns were obtained when the Al coating on the
glass was replaced by an evaporated Ag coating.

(3) Most of our dye laser induced surface ionization
mass spectra were obtained with S-polarized UV radia-
tion (i.e., the electric field of the radiation was perpen-
dicular to the plane of incidence). With P-polarized
radiation the observed mass spectra were virtually un-
changed, indicating that light polarization does not
play an important role in the phenomenon.

(4) The voltages normally applied to the ion drawout PosmoN
grids in our mass spectrometer during these experi- Fig. 4. Variation of UV laser light intensity across an approx-
ments, VO, V 1, V2 , and V3 in fig. I were + 2000, imately 3 mm diameter unfocussed frequency doubled dye

2000. 2000 and -2000 respectively. In order to laser beam.
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exhibits no evidence of intensity periodicity. Table 1
(6) The angle between the incident laser beam and Effect of ion drawout voltage on temporal spacings of multiple

the target plate was varied over a range from 0. 10 to peaks

20. It could be accurately measured in the following Target Potentials a) Peak separation b) Implied c)
way. Two spots would appear on a card located 30 cm material (V) (ns) spacings (mm)
from the mass spectrometer's laser output window. 1-.6 1- 11 1-6 1 - 11
One was from the undeflected incident UV beam, the
second resulted from the beam reflected at grazing in- gla d±2100 70 144 59.2 123scnreutdglass -+ 1500 70 144 60.5 123

cidence off the target plate. The angle of the laser beam ± 1000 58 116 60.0 119
with respect to the plate, in radians, is just one half of ± 750 50 100 61.0 120
the spacing between the spots divided by 30 cm. Fig. 5 Ni plate ± 2000 72 146 57 114
shows the results of ionizing benzene by illuminating ± 100 56 146 58 114
an Al-coated glass plate.with dye laser radiation inci-dent at three different angles. a) Voltages applied to first two acceleration grids, with

-2000 V applied to each of the next two grids.In order to interpret the results of experiments (4) b) Experimentally measured temporal spacings between the
and (6) we employed a computer program which cal- first and sixth, and first and eleventh of the multiple peaks
culates ion flight times as a function of their precise in benzene mass spectra for a constant incident illumina-
points of origin and the mass spectrometer's operating tion angle.
parameters. It was definitely shown from this analysis c) Implied distances, in um, to be associated with temporal
that as the drawout field was reduced the observed spacings between first and sixth and first and eleventh of

the multiple peaks, for constant incident illumination angle.mass spectral pattern changed exactly as woul!d be ex- These were calculated with ion flight time computer pro-
pected if the ions were formed only at a certain set of gram by assuming that different peaks result from ioniza-
unchanging discrete positions within the drawout re- tion at different places within the drawout region. .
gion. These results are displayed in table 1. The strong
effect of incident angle suggested that this set of dis-
crete ionizing locationsmight be the result of electro- 0.259 pm this initially seemed somewhat remarkable.
magnetic standing waves. Considering that the temporal Nevertheless the following derivation is quite conclu-
spacings between successive peaks depicted in fig. 5 sive. A model of an incident plane wave striking a sur-
would imply physical spacings on the order of 5 to 30 face at a grazing incidence angle is depicted in fig. 6. It
pum and that the laser wavelength utilized was only is assumed that rays I and 2 are initially parallel and in

phase and that they meet at point P. Geometrical pa-
rameters x,y, o and s are defined in the figure. A con-

A B c dition on parameter h, the distance between point P
and the target surface, is sought. From simple geometry,

h = x sin 0, ct = 20, y = x cos ci = x cos 20.

Assuming that the phase of ray 2 is unaffected by re-
flection at grazing incidence [31 the condition for rays

l and 2 to be in phase at point P is:

I,. p

Iig. 5. Multiple peak mass spectra of benzene exhibiting the
effect of varying the laser beam angle of incidence, 0. In all
cases the first sharp peak appears at 6488 ns. Angles of inci-
dence and approximate observed peak spacings were (a) 0 = 1. 1, Fig. 6. Model to explain standing wave formation when a plane S
8 ns (b)0 = 0.6, 15 ns (c) 0 = 0.3 . 28 ns. wave strikes a reflective metal surface at grazing incidence.
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complication in laser induced surface ionization studies.
x - y = n. However such periodic ion distributions might be use-

Substituting in the above equations it follows that ful for some other type of scientific experiment and
the method described herein is straightforward and

x= nX/(l-cos 26) simple to set-up and provides patterns which are high-

and ly reproducible as long as the angle of laser incidence
n sin 0 nX, is carefully fixed.

I - cos 20 20 This work has been supported by the U.S. Army

The last approximation is quite accurate because of Research Office under contract number DAAG 29-81-
the smallness of 0. K-0097 and by the Office of Research and Develop-

When the data of fig. 5 is compared with the expec- ment, Environmental Protection Agency, under grant
tations of this formula by using measured values of 6, number R808790-01-0.
exact agreement results.

In summary we have demonstrated that when a
monochromatic UV laser beam is incident upon a flat References
reflecting plate electromagnetic standing wave patterns
develop the wavelengths of which can be much larger (11 D.M. Lubman and R. Naaman, Chem. Phys. Lett. 95
than that of the incident light. When the light inten- (1983) 325.
sity is sufficiently intense to induce gas phase multi- 121 R.B. Opsal and J.P. Reilly, Chem. Phys. Lett. 99 (1983)
photon ionization, a spatially periodic distribution of 461.

[31 J.R. Mayer-Arendt, Introduction to classical and modern
ions is generated. This periodicity is an undesirable optics (Prentice Hall, Englewood Cliffs 1972).
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Analysis of Polyaromatic Hydrocarbon Mixtures with Laser
Ionization Gas Chromatography/Mass Spectrometry

Gerald Rhodes, Richard B. Opeal, Jon T. Meek, and James P. Ray"t
DOparflent of Qhmnfisty, Indea W , b ,ongtw. Indana 47405

Exdnw Werkla eaed mlWo a imo hasbeen alxd Laser-induced multiphoton ionization of polyatomic mol-
for Mn gemratso In capfimy ge dlramatoraphy/maas ecules has been an area of recent active analytical interest due
sapeemeby and lw todvftw apl 1 to he separaon and to the appealing possibility of sensitive and selective detection
detecton of polyaromnat hydrocarbon&. Deleetonft as of certain molecular species (1-8). The availability of high
low as 200 Ig and blealy over a range of 5 X 10+ 4 were intensity ultraviolet laser sources, which permit one photon
obtaied for the polyaromatic hydrocarboin examined, resonant excitation of intermediate states and two photon
MUslphoon a lon mass spectra were doninaed by pr- ionization of many polyatomic molecules, has resulted in the
set IomS. e Ione't'Joag based upon smal d~re manifestation of the analytical advantages of multiphoton
in onation potentki hae been demonseratd for cetng ionization: enhanced sensitivity, spectral selectivity, and
chr/ymm ad tpl Vine. Instrmental pwmters have convenience compared to conventional single photon pho-
bee kw*eeg&a to asems p c M ivWovemerft In OWn toionization (9, 10) and other analytical molecular detection
el"If, methods.

Following the conceptual fundamentals employed in atomic
'Alfred P. Sloan Fellow. resonance ionization (1I) and molecular multiphoton ioniza-
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tion spectroscopy (12-15), Weasel and co-workers have clearly available energy per pulse of 200 mJ. A fraction of the laser beam
demonstrated the possibility of ambient pressure ultrasensitive passed through a rectangular aperture (6 mm X 1 cm) and was
and, in some cases, spectrally selective molecular detection, focused into the ionization region of the mass spectrometer with

applied to both molecular vapors (5, 6) and gas chromato- a Suprasil cylindrical lens having a focal length of 20 cm. This

graphic effluents (7,8) utilizing laser ionization coupled with yielded a rectangular ionization volume 6 mm in height (y axis).
approximately 1 mm wide (z axis) and 10 mm long, centered about

a proportional counter. Their results appear applicable to a the mass spectrometer's time-of-flight axis (also z axis). This
wide variety of molecular species. Multiphoton ionization is arrangement permitted irradiation of as large a proportion of
also being applied in the development of a highly sensitive analyte molecules as possible, without totally sacrificing mass
and spectrally selective ion source for mass spectrometry in spectral resolution. The focused laser beam passed through the
which the extent of fragmentation may be controlled (12-14) mass spectrometer ionization region and exited from the spec-
by a simple adjustment of laser intensity. It is capable, at trometer through another Suprasil window on the opposite side
low laser intensities, of being a highly efficient soft ionization of the vacuum manifold. The average laser pulse energy was

method, while at higher laser intensities, considerable frag- monitored with a Scientech Model 362 power meter. In the

mentation generally occurs. The possibility of spectral se- experiments reported here, this typically ranged from 1.35 to 1.80lectvel ha reslte indiscssins oncenin th feaibiity mJ, and the laser was operated at a repetition rate of 20 Hz. It
should be noted that reproducible mass spectra of a variety of

of two-dimensional mass-optical spectrometry (1-3). Since molecules have been recorded with an excimer laser on a single
the initial recognition of the potential of laser ionization in shot basis (13, 14). However, high repetition rates are naturally
mas spectrometry (1, 2) numerous experimental investigations more desirable for studying low concentrations of molecules or
have been reported. Several investigations of the mechanistic those which ionize inefficiently and particularly for monitoring
aspects of laser multiphoton ionization have appeared, re- gas chromatographic effluent.
sulting in considerable progress in describing the dynamics Time-of-Flight Mass Spectrometry and Detection Elec-
and energetics of the process (3, 12-19). One study compared tronics. The time-of-flight mass spectrometer in Figure 1 was

the mass spectral fragmentation patterns of 27 organic corn- constructed in-house and is similar in design to previous con-

pounds obtained by ArF laser ionization, with electron impact ventional spectrometers (21). The instrument consists of an ion

mass spectra obtained at 14- and 70-eV electron energy (19). source and acceleration region containing four grids constructed
of 90% transmission nickel mesh. The grid spacings were 1.1,

More recently, multiphoton ionization of about 20 aromatic 1.0, and 1.2 cm, respectively, and the applied voltages were +105.2,
molecules induced by 2660 A radiation has been demonstrated -105.2, -400, and -2000 V dc, respectively. The flight tube was
in a supersonic beam (20). Increased selectivity due to vi- constructed of aluminum with a total drift length of 61 cm. The
brational and rotational cooling was demonstrated although entire chamber was evacuated by a liquid nitrogen baffled NRC
the analytical practicality of these results was not fully ad- HS-6 diffusion pump backed by a Welch 1397 mechanical pump.
dressed. The potential of laser multiphoton ionization in Estimated pumping speed for helium is 500 L/s. While chro-
analytical mass spectrometry for both sensitive and selective matograms were being recorded, the pressure in the spectrometer

detection remains to be thoroughly explored, remained below 3 X 10-6 torr.

In this paper, we report the application of laser multiphoton Ion detection was accomplished utilizing Varian microchannel
plates (tandem configuration-VUW 8900). The signal from theionizaton, at a fixed wavelength, for ion generation in the microchannel plates was preamplified (LeCroy Model VVIOI),

combined technique of capillary gas chromatography/mass delayed for 190 ns and then processed by a Biomation Model 6500
spectrometry (GC/MS). The analytical power of conventional transient wave form recorder. Each laser shot provided the start
capillary GC/MS for the qualitative and quantitative analysis acquisition signal for the transient recorder via a fiber optic/
of complex mixtures is well-recognized. Nevertheless, im- photodiode (Hammamatsu S1223) trigger signal. Output from
provements in sensitivity and selectivity are continually sought the transient recorder was displayed on an oscilloscope for im-
to meet such challenges in modern trace analysis as the de- mediate spectral viewing and stored in an Apple 11 microcomputer
termination of environmental pollutants, pesticides, etc. programmed for mass spectral data acquisition. This electronic

Polyaromatic hydrocarbons represent a challenging trace arrangement provided a full mass spectrum following each laser

analytical problem with important environmental and health pulse and also exploited the signal averaging capabilities of the
considerations; many are documented or suspected carcino- computer.

A delay period, after the initial trigger, could be adjusted on
gens. In addition, numerous molecular detection methods the transient recorder to control the range of the mass spec-
have been applied to these compounds thus facilitating com- trometer. Mass spectral resolution could be adjusted by varying
parison with the results reported here. Since capillary gas the sampling period (2-50 na) of the transient recorder and the
chromatography itself provides a very high degree of selectivity ion source grid voltages. The mass spectral resolution available
based on a physical separation of mixture components, this under the operating conditions employed (10 ns sampling period)
paper examines the potential of laser multiphoton ionization was approximately 110 and was limited by both the sampling
to increase the sensitivity and selectivity of capillary GC/MS. period and the modest focusing of our excimer laser in the

The capillary gas chromatograph multiphoton ionization spectrometer.
(TOF) ma. spectrometer utilized in this work Gas Chromatography and GC/MS Interface. The gas

time-of-flight be msrb intdet e ti is intrument chromatograph utilized in the experiments reported here was a
will be described in detail. The application of this instrument Hewlett-Packard Model 5750 modified with a splitless injection
to the analysis of polyaromatic hydrocarbon mixtures will be system for use with capillary GC columns. A borosilicate glass
demonstrated, the advantages of ionization potential selec- capillary column (18 m X 0.25 mm i.d.) coated with 0.4 % SE-52
tivity with coeluting isomers will be illustrated, and the as stationary phase was utilized. It was prepared by drawing
pertinent instrumental and experimental parameters will be borosilicate glass (Kimble 9970) to 0.25 mm i.d. using a Shimadzu
discussed. Model GDM-lB glass drawing apparatus. The drawn capillary

was then thoroughly rinsed, leached, and persilylated, according
EXPERIMENTAL SECTION to Lee and Grub (22, 23), and coated statically with a solution

Figure 1 depicts the multiphoton ionization gas chromato- of SE-52 stationary phase (0.4% in methylene chloride).
graph/time-of-flight mass spectrometer (MPI GC/MS) utilized All chromatographic analyses were performed at a helium
in the experiments reported here. A description of the instru- carrier gas flow rate of 2 mL/min, and temperature programmed
mental components follows, from 80 °C to the upper temperature limit indicated in Figures

Laser and Opmies. A Lumoniks TE861 excimer laser, operated 2 and 3 at 6 *C/min. A cryogenic molecular sieve trap (Linde
with either KrF or XeCi as lasing media (X = 2485 and 3080 A, 13X) was inserted in the carrier gas flow line for purification
respectively) was utilized as the photon source. The excimer laser purposes. All chromatographic injections were splitless, involving
provided pulses of roughly 10 ns duration, with a maximum volumes between 0.05 and 0.20 #L of solution. The gas chro-
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OPU T ER Figue 2. Se-ected Ion ciromatograms demonstrating detection sen-
sltity for naphthalene: A = 500 fg, B = 2.5 pg. C = 5 pg.

Table I. Dependence of Ion Yield on Quantity
WAVEFOR of Naphthalene Injected

I ECOROER

S sample ion yield, sample ion yield,

W* 1. Block diagram of tOe muftiphoton ionization GC/MS appa- size, pg arbitary units size, pg arbitary units

ratus. 0.5 1.3 x 10- 4  100 1.1 x 10 2

2.5 6.4 x 10- 4  250 4.9 x 10 2

matographic column was directly interfaced to the ion source of 10 2.0 x 10 1 500 1.0 X 10
the TOF mass spectrometer through a heated all-glass interface. 25 4.8 x 10-' 1000 1.9 x 10
Sample transfer through the interface was accomplished utilizing 50 8.5 x 10_-__ 10000 1.7

a fused silica capillary column connected to the glass capillary
analytical column via an in-house constructed low dead volume
/16 in. union. the detection and identification of selected polyaromatic

Acquisition of Mass Spectra and Total Ion Current hydrocarbons in order to assess its overall potential. Initial
Chromatograms. The Apple II computer generated a total ion experiments were directed toward ascertaining the detection
current chromatogram (TIC) by integrating the signal over all limits and the response of the multiphoton ionization GC/MS
transient recorder channels for 20 laser shots, thus generating one instrument for naphthalene. Toward that end, 0.1-,L in-
total ion current data point each second. Each digital total ion jections of naphthalene solutions of various concentrations
current value was converted to an analog voltage, via an internal were performed. Amounts of naphthalene injected ranged
digital to analog converter, and this was displayed on a strip chart from 500 fg to 100 ng. Each injection was performed at an
recorder. This sampling rate was sufficient to accurately reproduce
a capillary gas chromatogram. Additionally, by averaging 20 shots initial chromatographic column temperature of 80 *C, followed
per total ion data point, base line fluctuations due to laser by temperature programmed analysis as indicated in Figure
pulse-to-pulse intensity variations were drastically reduced. 2. KrF excimer laser pulses (4.98 eV/photon) were employed

Mass spectra were recorded only during the elution of a corn- at a repetition rate of 20 Hz, with pulse energies ranging from
ponent (evidenced by the TIC chromatogram). This was ac- 1.3 to 1.8 mJ. For these experiments only the ion signal in
complished by manually throwing a switch, which resulted in the those preselected transient recorder channels corresponding
Apple II computer storing not only the integrated ion yield but to the parent ion of naphthalene (m/z = 128) was recorded.
also mass resolved spectra following each laser pulse. On switch This selected ion monitoring was necessary for very high
command, the Apple II computer would cease acquiring mass sensitivity measurements. The level of the background ion
spectral data, and the computer would then transfer the respective signal increased as the temperature of the column was raised
mass spectrum (i.e., the total ion intensity data in each channel) siga crad ah rue of t conswas rase
to floppy disk for later retrieval. This procedure was independent during a chromatographic run, leveling off to a constant value
of, and in no way interfered with, the acquisition of the total ion when the upper column temperature limit was reached.
current chromatogram. Figure 2 provides examples of the sensitivity observed.

At low detection levels, multiple ion monitoring was employed Selected ion chromatograms are displayed for 5 pg, 2.5 pg,
to reduce the contribution of background ions to the integrated and 500 fg of injected naphthalene. The chromatographic
ion yield. The background results from ionization of impurities peak height obtained for 500 fg of naphthalene is five times
either residing in the mass spectrometer or bleeding off of the that of the base line noise. The minimum detectable amount
chromatographic column. With this operating procedure the of naphthalene, at a signal to noise ratio of 2, is thus 200 fg
computer monitored only certain preselected transient recorder by extrapolation. In a cases, appropriate blank injections
channels. These preselected channels were used to generate
multiple ion chromatograms. As before one data point was were performed to verify the authenticity of observed signals
generated each second, by summing the voltages in all preselected and the absence of memory or carry-over effects. The quantity
channels for 20 laser shots. of naphthalene injected into the GC/MS system was varied

Reagents and Standards. The polyaromatic hydrocarbons over several orders of magnitude and the integrated ion signal
utilized in this report were reagent grade, with no further puri- measured as a function of sample size. The results are dis-
fication performed. Several PAH solutions f various concen- played in Table I. Due to the wide range of sample sizes
trations were prepared by dilution of standard stock solutions examined, the data were obtained at two different micro-
of naphthalene, biphenyl, acenaphthene, fluorene, anthracene, channel plate gain settings in order to avoid saturating the
phenanthrene, and pyrene (2 g/L of each component), in spectra detection electronics. The numbers listed in Table I have been
grade methvlene chloride. Individual solutions of naphthalene normalized to a single microchannel plate gain. A log- Iog plot
Wei, r prepared atialtOgusly (romt a stock solutionz 0 g,:I, inmrh prele ,' aogrld sl t if the nass integrated ion yield as a function (of naphthalene

A \arni :;;m gap corifgrsp i .~ih o l for capillary gas injected is linear over a range of S X 10. l)eviations from

chromatography and equipped with a flame ionization detector linearity were observed above 10 ng. This is most likely due
was utilized to check the integrity of all solutions. to space charge effects in the ionization region of the mass

spectrometer and it contributes to a loss of mass spectral
RESULTS resolution.

The gas chromatography multiphoton ionization mass Figure 3 displays a direct comparison of conventional flame
spectrometry apparatus depicted in Figure 1 was applied to ionization GC with laser multiphoton ionization GC/MS in
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Figure 4. Multiphoton Ionization mass spectra obtained with KrF ex-
ciner laser Irradiation of (A) naphthalene, (B) acenaphthene, and (C)
fluorene.

Rpm 3. Cvomentogams of a polyaomatlc hydrocarbon mntu'e: (A)
30 ng each of naphthalene, blphenyl, acoenaphone, fluorene, an-
thracene and pyrene with a flame Ionization detector; (B) 500 pg of
same compounds with laser Ionization detector, monitoring total
mass-Integrated ion yield; (C) 20 pg of same compounds with laser
Ionization detector selectively monitoring masses 128, 154, and 166
only.

Table II. Detection Limits for Selected Polyaromatic
Hydrocarbons Utilizing KrF Excimer Laser Ionization
GC/MS

LOD, a LOD,a
pg (S/N pg (S/N

PAH = 2) PAH = 2)

naphthalene 0.20 anthracene 0.92
biphenyl 5.0 phenanthrene 0.30
acenapthene 0.55 pyrene 1.10
fluorene 0.23 Tme (m rn 24 34 24 34

U LOD, limit of detection. Temp C)220 ' 2'80 22'0
- + - 280

FIgure 5. Total Ion current chromatograms for 75 ng of trlphenyene
(left) and chrysene (right), obtained with XeC excimer laser radiation.

analyzing a mixture of polyaromatic hydrocarbons. Figure
3A displays the capillary gas chromatogram of a mixture of noise ratio of 2, for the polyaromatic hydrocarbons examined
naphthalene, biphenyl, acenaphthene, fluorene, anthracene, in this study. These values were determined from the relative
and pyrene (30 ng of each component) with flame ionization peak areas of the polyaromatic hydrocarbons, referenced to
detection. Figure 3B depicts the total ion current chroma- naphthalene, and the measured detection limit for naphtha-
togram of the same mixture taken with the same GC column lene. As demonstrated in Table II, the sensitivity obtained /
but with only 500 pg of each compound injected and with KrF with multiphoton ionization GC/MS in its present configu-
laser ionization MS detection. The TOF mass spectrometer ration is excellent. Nevertheless, as will be discussed shortly,
electronics were adjusted to cover a mass range from 31 to several possible instrumental improvements could lower the
205 amu on each laser shot. The total ion current chroma- detection limits considerably.
togram and individual mass spectra for each chromatographic Representative multiphoton ionization mass spectra of the
peak were generated simultaneously. Figure 3C is a multiple polyaromatic hydrocarbons examined are shown in Figure 4,
ion chromatogram of the same polyaromatic hydrocarbon which displays data for naphthalene, acenaphthene, and
mixture (20 pg of each component) in which the TOF mass fluorene. Under the laser ionization conditions utilized in
spectrometer detection electronics monitored only the parent these experiments (i.e., 1.3-1.8 mJ energy), the mass spectra
ions of naphthalene, biphenyl, acenaphthene, and fluorene: of the polyaromatic hydrocarbons examined were dominated
m/z 128, 154, 154, and 166, respectively. In all three cases, by the parent ion. Lower mass fragment ions appeared con-
the polyaromatic hydrocarbon mixture was injected at an sistently, but at a very low relative abundance (9% maximum).
initial column temperature of 80 *C, followed by temperature As is also true with electron impact ionization, multiphoton
programmed analysis as indicated in Figure 3. Immediately ionization mass spectra could not readily distinguish isomeric
apparent from the chromatograms in Figure 3B,C is the polyaromatic hydrocarbons, such as anthracene and phen-
variation in responsivity, at the fixed laser wavelength utilized, anthrene. The time-of-flight mass spectrometer available for
for different polyaromatic hydrocarbons. these studies does not provide sufficient resolution above mass

Table II lists the minimum detectable levels, at a signal to 110 to fully separate adjacent ions at unit resolution. Work
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is presently under way to improve the mass spectral resolution spectrometric analysis. It should be noted that repetition rates
considerably. for commercial excimer and pulsed dye lasers are continually

Useful ionization selectivity can be attained for molecules being increased, so the duty cycle problem will certainly be-
which coelute chromatographically but differ somewhat in come less significant as time goes on.
ionization potential. Figure 5 displays just such a case for the The low sensitivity for detecting biphenyl in comparison
polyaromatic hydrocarbons chrysene and triphenylene, which with naphthalene deserves comment. The former absorbs
have identical retention times on an SE-52 capillary column. approximately 10 times more strongly than the latter at 2485
With KrF excimer laser radiation (4.98 eV/photon), absorp- A. The ionization potentials of both molecules are less than
tion of two photons results in the ionization of both chrysene 8.3 eV so a pair of KrF laser photons should, in principle,
and triphenylene (ionization potentials of 7.8 and 8.1 eV, provide enough energy to easily ionize either. Fluorescence
respectively). Absorption of two photons of XeCl excimer laser and phosphorescence quantum yield measurements with room
radiation (4.0 eV/photon), on the other hand, results in the temperature solutions or frozen alcohol-ether glasses indicate
ionization of chrysene only at moderate light intensities. The that intersystem crossing is substantially faster in biphenyl
two total ion chromatograms in Figure 5 display separate 75 than in naphthalene (24). If this were also true in the gas
ng GC/MS injections of triphenylene (left) and chrysene phase at the wavelength employed in this experiment, ioni-
(right) and irradiation with XeCI excimer laser light (600 pJ zation yields for the two molecules would probably be expected
of energy/pulse). No ion current is detected for triphenylene. to differ. For example, if a biphenyl molecule quickly relaxes
Selective ionization and detection of chrysene in the presence to a triplet state following excitation of its singlet, ionization
(If' ,hulitihg triphenylene are therefore clearly possible. from that lower lying triplet state may be substantially less
Subtraction of the signal obtained by XeCi ionization from efficient than from the singlet state as a result of reductions
that obtained with KrF ionization would then also permit the in either the electronic or vibrational parts of the transition
quantitation of triphenylene. Similar selectivity is available integral. This kind of effect has been observed in the ioni-
for the chromatographic solvent, if it is appropriately chosen. zation of benzene with KrF and ArF lasers (13, 14). While
For instance the chromatographic solvent utilized here, benzene absorbs the shorter wavelength ArF light much more
methylene chloride (ionization potential of 11.35 eV), did not strongly, at the light intensities used in these experiments
produce any detectable ion current under any of the conditions more ions are generated by using the longer wavelength KrF
utilized in these experiments. The absence of a chromato- radiation. The significance of these observations is that
graphic solvent peak could prove useful in the quantitation photochemical processes occurring in the gas phase under
of coeluting analyte molecules. As expected the gas chro- isolated collision-free conditions must be investigated and
matographic carrier gas, helium, also exhibited no tendency understood in detail before the ionization efficiencies of
to ionize under our operating conditions. different types of molecules in a laser ionization mass spec-

DISCUSSION trometer can be reliably interpreted or predicted.

The experiments reported here have been designed to ex- Although excellent sensitivity has been obtained, the in-
utilizing strument described herein was far from optimized. The ex-plore the potential sensitivity advantages available by uiiig cimer laser utilized has a maximum repetition rate of 100 Hz.

laser multiphoton ionization for detection in capillary gas However, the mass spectral data acquisition speed of the Apple
chromatography/mass spectrometry of polyaromatic hydro- Hoever the experienta reetition ate o 20 Hz.
carbons. Although the results reported here have demon- II computer limited the experimental repetition rate to 20 Hz.
-;trated some limited selectivity based on small differences in Furthermore the gas chromatographic effluent exits the

ionization potential, no attention has been focused on the GC/MS interface 2.5 cm above the multiphoton ionization
spectral selectivity possible via resonant enhanced multiphoton volume, allowing considerable sample beam expansion.

ionization through real intermediate states, since this has been Combined with the low duty cycle, this results in the irra-

amply demonstrated in numerous spectroscopic studies with diation of only a small proportion of the available analyte

tunable dye laser radiation. Spectral ionization selectivity molecules.
requires differences in the one photon absorption spectra Another problem encountered in these experiments was
and/or the ionization potentials of the species of interest, high ion background levels which limited our ability to obtain
Since UV absorption bands are often broad and featureless accurate full mass spectra at very high sensitivity levels. In
at room or elevated temperatures, spectral ionization selec- addition, the current mass spectrometer has no provision for
tivity is a useful supplement but not a replacement for the heating the acceleration grids to prevent or reduce ion source 6
selectivity achievable with capillary gas chromatography. In contamination. Most of the background ion signal was due
other words the laser light, the gas chromatography, and the to sensitive detection of chromatographic bleed, with the level
mass spectrometry each contribute their unique advantages increasing at elevated column temperatures.
and capabilities to this analytical detection system. The Clearly, the time-of-flight mass spectrometer utilized in
addition of a tunable dye laser would further improve the these studies is not entirely adequate for the GC/MS analysis
system's flexibility and effectiveness, of larger molecules due to the limited mass spectral resolution.

Even with a low duty cycle in which ions were generated Nevertheless, this instrument has demonstrated the obvious 6
for only 0.2 ps per second of analysis time, excellent sensitivity advantages of time-of-flight mass analysis in laser multiphoton
was obtained in the analysis of the polyaromatic hydrocarbons ionization, in agreement with previous experiments (13, 14,
examined utilizing multiphoton ionization GC/MS. The low 25). For improved mass spectral resolution, an ion reflecting
duty cycle of pulsed laser multiphoton ionization makes time-of-flight mass spectrometer is under construction which
time-of- flight the optimal choice for ion mass analysis. The should provide a resolution of up to 3000 (26, 27). Such a
nbility to record a full mass spectrum and thus collect all ions design would preserve at least moderate mass resolution when
generated dturing each laser shot coupled with the relatively relatively large focal volumes are illuminated, as in high
high ion transmission of a time-of-flight mass spectrometer sensitivity experiments. Further, an improved ion source
and the high efficiency of UV laser multiphoton ionization design is included, which will permit multiphoton ionization
offset, to some extent, the duty cycle limitations. The sen- of molecules only millimeters away from the exit of the
sitivity obtained here for multiphoton ionization GC/MS GC/MS interface. Planned improvements in detection
analysis of the polyaromatic hydrocarbons is clearly compa- electronics and data acquisition speed should allow the laser
rable to other conventional techniques with or without mass to be operated at considerably higher repetition rates.
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Chromatographic improvements will include the use of on- tations in coupling the two methods. However, if pulsed laser
column injection and bonded stationary phase fused silica duty cycles are improved considerably, this limitation may
columns to decrease, substantially, the background ionization be overcome.
observed and also allow for quantitative delivery and analysis The analytical system described in this paper combines the
of larger polyaromatic hydrocarbons. proven quantitative ability of high-resolution capillary gas

Further sensitivity improvements are possible utilizing a chromatography/mass spectrometry in mixture analysis of S
high intensity tunable laser source to effect multiphoton polyaromatic hydrocarbons with the high sensitivity attainable
ionization at the optimum wavelength for each particular through multiphoton ionization with high-power UV lasers.
molecule studied. Additional laser power is clearly attainable With the addition of a tunable laser source, spectral selectivity
with a frequency doubled Nd:YAG pumped dye laser and, should improve the analytical flexibility of the system. A
coupled with tunability, this would provide enhanced sensi- disadvantage, of course, is the lengthy time of analysis often
tivity for detecting molecules. (Note that there was little required with gas chromatography/mass spectrometry.
advantage to be gained by u, _ng a larger fraction of our ex- The general applicability of multiphoton ionization GC/MS 0

cimer laser output in the present experiments since the to nonaromatic compounds is not yet clear. While numerous
background ionization level increased with light intensity as other molecules have been investigated since the development
much as the analyte signal did. If the background, which may of multiphoton ionization as a spectroscopic technique (33,
be wavelength dependent, is reduced, lower detection limits 34), quantitative ionization efficiencies for these molecules
should be attainable with higher light intensities as long as as a function of various laser parameters have generally not
the resulting increased fragmentation does not obliterate the been measured, optimized, or reported. Further studies will
identities of parent molecules.) be required to assess overall sensitivity and the usefulness of

With the improvements discussed above, we anticipate multiphoton ionization fragmentation patterns for qualitative

sensitivity for polyaromatic hydrocarbons at least in the low identification of molecules. Aside from the instrumental im-

femtograrn range. If background problems can be surpressed provements under way, studies are planned to improve our

full multiphoton ionization mass spectra can be acquired at understanding of the photochemical processes which affect

roughly the same level, ionization sensitivity, and to investigate the application of this

Although we feel the limited spectral selectivity of multi- technique to nitrogen- and sulfur-containing polyaromaticAltoug wefee th liite spctrl sleciviy o muti- hydrocarbons.
photon ionization at elevated temperatures necessitates a
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Observation of Polyatomic Ion Vibrational State Distribution by Laser Photoelectron

Spectroscopy

Jon T. Meek, S. Randolph Long, and James P. Reilly'

Oepvneint of /imrnlsy, Ina ,tvmAy. Bboniltonr , Indarna 47505 (ReceAved April 26 1982, In Final Form: June 1. 1982)

Vibrationally resolved photoelectron spectra of a polyatomic molecule resulting from laser two-photon ionization
are observed for the first time. Ion vibrational state distributions generated by exciting three different vibronic
states of gas-phase toluene clearly demonstrate a propensity for Av = 0 transitions in the ionization of the excited
singlet state. Progressions in the photoelectron spectra are tentatively assigned to vibrational modes of the
toluene cation.

Introduction consists of a vacuum chamber (base pressure 3 X 10' torr)

The primary emphasis in studies of multiphoton ioni- and a flight tube, both surrounded by magnetic shielding.

zation of molecules to date has been on detecting total ion Toluene flow through a 0.35-mm orifice was such that the

yields so as to derive spectroscopic information about pressure in the vacuum chamber was typically 3 X 10 - torr

neutral intermediate states. " Studies applying the MPI during an experiment as measured with an ionization

technique to mass spectrometry and the generation of gauge. Photoelectrons travel 49 cm from the laser focal

intensity-dependent fragmentation patterns have more region to a microchannel plate detector, the output of
recently appeared.4- 7 Spectroscopic examinations of the which is amplified and digitized in a Biomation 6500

photoions themselves have until now not been conducted waveform recorder. Its output is stored and processed in

with this technique, although laser-induced fluorescence an Apple II computer. With count rates typically less than

and photodissociation studies on ions produced in other one per laser shot, more than 30000 shots are required for

ways are now being performed. We report here an ion the development of a spectrum.

3pectroecopic study based on monitoring photoelectron Results and Discussion
kinetic energy distributions by the time-of-flight method. The spectroscopy of the St - So transition of toluene
In an eariler investigation we obtained a low-resolution UV has been thoroughly studied.9- 12 In our experiment the
laser ionization photoelectron spectrum of benzene, whichwas ntepreed s bingtheresut o a wo-hotn ini- dye laser was tuned to three particular vibronic bands inwas interpreted as being the result of a two-photon ioni- the St state: the 0-0 origin band at 2667.5 A (37 477 cm l,

zation process.8  No vibrational structure was observed 4.65 eV); the 6b band at 2630.2 A (38008 cm, 4.71 eV);

in that work. As a result of apparatus improvements, we and the 121 band at 2602.7 A (38410 cm -', 4.76 eV). Vi-
have been able to record for the first time the vibrationally brational energies at these levels are, respectively, 0 cm,
resolved laser photoelectron spectrum of a similar mole-

cule. Very recently, Hepburn et al. reported observing the P'6b = 528 cm - , and J'12 = 932 cm- . Absorption of two

resolved photoelectron spectra of diatomics (CF, CCI) by photons at these wavelengths is sufficient to exceed the
mesolvei photo eeton.2 ionization potential of toluene, which has been reported
multiphoton ionization.2  

to be in the range 8.72-9.0 eV. 13

Vibrationally resolved laser photoelectron spectra of
Experimental Section toluene were successfully recorded only at low electron

Time-of-flight photoelectron spectra were generated by counting rates. To emphasize this point, Figure 1 displays
crossing an effusive molecular beam of toluene with the time-of-flight photoelectron spectra obtained by irradiating
frequency-doubled output of a pulsed dye laser. Coumarin toluene at the S1 -- So origin with UV pulse energies of
6 (Eastman Kodak) dye pumped with a XeCI excimer laser 12,uJ/pulse and less than I uJ/pulse. The count rate at
and frequency doubled with a KDP crystal provided the higher pulse energy was about two electrons per laser
continuously tunable radiation from 2600 to 2700 A. Laser shot, while that at the lower energy was 0.1 per shot. In
pulse widths were about 6 ns (fwhm) and spectral band- the former case the spectrum is devoid of reproducible
widths were on the order of 0.4 cm -t. Ultraviolet pulse structure. In the latter it consists of a series of peaks with
energies employed in this work were generally 20 p.J or less. widths (fwhm) of 10-20 meV. This intensity dependence
The laser light was focused into the toluene beam with a is typical for every laser wavelength used in this study. 0
20-cm focal length suprasil lens. The electron spectrometer This behavior may result from perturbations on the out-

going electrons induced by the tiny cloud of ions and
electrons generated in the focal volume of the laser. (Only

11) P M Johnson. Arc. Chem. Res.- 13, 20 (1980). about one electron in 104 produced is detected because of
(2) D, H Parker.J. 0. Berg, and M. A. El-Sayed in 'Advances in Loser

('hmLstrl. Springer Series on Chemical Physics, Vol. 3, A. H. Zewail,
FA. Springpr-Verlag, Berlin. 1978. (9) N. Ginsburg, W. W. Robertson, and F. T. MsHten, ,J. rh,.m 'he,.

i.1 T f; Dietz, M. A. Duncan, and R. E. Smalley, J. Chem. Phys., 76, 14, 511 (1946).
1227 (19821 (10) R. Vasudev and J. C. D. Brand, Chem. i'hy.w., 37, 211 11979).

14l V S Antonov and V. S. Letokhov, Appl. Phys., 24, 89 (1981). (11) K. Krogh-Jespersen, R. P. Rays, and I.. Goodman, ('hem. Phys..
151 M. Seaver. J. W. Hudgens, and J. J. Decorpo, Int. J. Mass. Spec- 44, 295 (1979).

rr,m Ion Phvs 34. 159 (1980) (12) J. B. Hopkins. D. E. Powers, and R. F. Smalley. .1. ('hem. 'hvs..
,fo L Zandee and R. B. Bernstein, J. Chem. Phys., 71, 1359 (1979). 72. 5039 (1980); J. B. Hopkins, D. F. Powers. S. Mukamel, and R. E.
7, .1 P Reilly and K. L. Kompa. J, ('hem. Phys., 73, 5468 (1980). Smalley, ibid., 72, 5049 (1980).
MKI 1 r Meek, R. K. Jones, and J. P. Reilly, J. Chem. Phys., 73, 3503 (13) T. P. Debies and ,J. W. Rahalais, J. Electron. Spectrose.. 1, 355
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Roe I. Raw tkne-of-flght photoelectron spectra of tokimne at laser
puse energies of 12 and <1 J. The laer wavelength was tuned to
the S, - So origin at 2667.5 A. Electron kinetic energy is also given
along thm top scale. A

our detection geometry, so thousands of charged particles o Iodo 2000 3000
are produced in each pulse under our operating condi-
tions.) In our better resolved experiments we have 10I INTERNAL ENERGY, cm'
maintained low charge densities by using low laser inten- Figure 2. Photoelectron spectra generated by two-photon ionization
sities. This could also be accomplished by reducing the of gas-phase toluene. Laser is resonant with the S, - So or 'Wre
molecular flux but we have not yet attempted this. An 2A), 6b, (Figure 2B), and 120 (Figure 2C) transitions. The abscissa,
alternative broadening mechanism which would be laser ionintenal energy. is the quantty 2h ' - IP - KE where hv s the Issr
intensity dependent involves fragmentation of neutral photon energy and KE is the photoelectron kinetic energy.

toluene, followed by ionization of fragments whose pho-
toelectron spectra differ from that of the parent molecule, spectra B and C of Figure 2 relative to that of spectrum
If this were the dominant source of broadening, the A. The appropriate shift is calculated to be 2(hv - E00),
spectrum would be independent of molecular beam flux. where hv is the laser photon energy and E00 is the energy
A final complication may be electromagnetic field gradient of the S1 - So origin. The threshold of the photoelectron
forces, 4 although at the intensities and frequencies em- kinetic energy distribution must correspond to formation
ployed in these experiments, one can estimate that their of the ion in its ground vibrational state. The highest
effects should be negligible. Any of these mechanisms energy (shortest TOF) peaks in the three Figure 2 spectra
could also account for the slight shift, of - 14 meV to correlate perfectly, confirming their assignment to ground
higher energy, in the threshold of the 12,uJ/pulse spectrum vibrational state ions. Furthermore, use of the thresholds
relative to the <1 uJ/pulse spectrum. Systematic studies of these "origin" features to calculate the toluene ionization
to discriminate between these possible mechanisms will potential leads to IP = 8.856 k 0.003 eV, which is at the 4
be reported in a future publication. For the present we center of the range of reported values. Precise energy scale
note that complementary TOF mass spectra of toluene calibration of our apparatus is better done by laser ioni-
which we have generated by laser ionization at the same zation of an atom; after this has been accomplished, very
wavelengths and in the same apparatus we use here, in- accurate ionization potentials will be extractable with this
dicate that very little, if any, fragmentation occurs at the technique.
low energies (<1 0/pulse) employed in our higher reso- The positions of the most intense features in the pho-
lution experiments." toelectron spectra are readily interpretable. With the laser q

Observed photoelectron spectra, which as raw data are tuned to the S, - So vibronic origin, electrons appear
linear in flight time, are converted to plots linear in elec- preferentially in the first peak, indicating that production
tron kinetic energy by computer and are displayed in parts of vibrationally unexcited ions is dominant. When the
A (2667.5A), B (2630.5 A), and C (2602.7 A) of Figure 2. laser is in resonance with the 6b transition (Figure 2B),
Since these three result from different photolysis energies the strongest peak has its threshold approximately 60 meV
(wavelengths), the kinetic energy of an electron associated (480 cm-1) to lower electron energy than the much weaker
with production of an ion in any particular vibrational state "origin" peak; it correlates well with the second peak of
differs in the three cases. To facilitate visual comparison the Figure 2A progression. Detailed spectroscopic studies
of the three traces by taking this into account, we shifted of a number of halogenated benzenes indicate that fre-

quencies of vibrational modes in the ground-state ions
(14) N. J. Phillips and J. J. Sanderson, Phys. Leti., 21, 533 (196). differ typically by no more than a few tens of wavenumbers
(15) R. B. Opeal and J. P. Reilly, to be published. from those of the same modes in the neutral parent ground
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and excited electronic states.' The 60-meV, 480-cm-', eV) photoelectron spectrum of toluene reported by Debries
epacing corresponds well with V'"b 

= 528 cm -' of the S1  and Rabalais. 3 Vibrational structure is just resolved in
neutral. Accordingly, the most intense peak of Figure 2B the latter case, yielding short progressions with spacings
is reasonably attributed to ions formed with one quantum of 584 and 1694 cm - 1. The resolution of our apparatus is
in the 6b mode of the ion. Similarly with the laser resonant about 7 meV (the narrowest line width we measure in our
in the 12' transition 932 cm -' above the S, - So origin spectra). This is somewhat better than the - 14-meV
(Figure 2C), the most intense peak lies about 110 meV (960 resolution of the spectrometer used by Rabalais, 5 but not
cm 1) lower in electron energy than the first peak and is sufficiently different to account for the significantly en-
ascribed to ions produced with one quantum in vibrational hanced detail of our spectra. With the low backing
mode 12 of the ion. pressure used in our effusive beam source (a few torr),

This behavior represents unambiguous evidence for a substantial rotational and vibrational cooling in the mo-
preference of Av = 0 ionization transitions from excited lecular expansion is unexpected. The primary cause of the
vibronic states of toluene, as suggested in previous work nearly indistinct structure in the one-photon photoelectron
by Smalley et al., 17 on naphthalene and benzene. A pro- spectrum seems likely to be congestion due to the activity
pensity for Av = 0 transitions is expected in accordance of many ion vibrational modes in the spectrum. Laser
with the Franck-Condon principle when the excited neu- two-photon ionization in principle selects a single S, vi-
tral and ground ionic states are described by similar po- bronic state in the neutral and apparently excites few other
tential curves.'8  ion vibrational modes in the ionization transition. Se-

Additional peaks in our electron spectra can be ordered quence bands may still be introducing unwanted vibra-
into progressions which include the most intense features, tional congestion into our spectra, and we hope to eliminate
as indicated in Figure 2. Aside from the persistent -60- this possibility in future experiments with a cooled su-
meV spacing and the short -117-meV progression of personic molecular beam source.
Figure 2C, one with 53-meV (430-cm- 1) spacing appears This technique of laser photoelectron spectroscopy
in Figure 2A and is tentatively assigned to the 6a mode certainly has considerable potential because of its high
of the ion. This has a 456-cm- 1 frequency in the neutral resolution (and further improvements are expected). Just
S, electronic state. The structure of Figure 2B appears as importantly, if the electronic spectroscopy of the neutral
more complicated. The 60-meV progression has somewhat parent molecule has been analyzed and understood, reso-
irregular spacings and may involve short progressions and nant ionization through previously assigned vibronic levels
combinations in other modes. In the Figure 2 spectra, which leads to enhanced production of particular ion vi-
structure is less distinct at electron energies corresponding brational states provides strong supporting evidence for
to production of ions with 1000 cm -1 or more internal the assignment of these states. Furthermore laser ioni-
energy. The most probable cause of this feature is spectral zation may also enable one to study the vibrational state
congestion involving excitation of various high frequency dependence of ion reactivity. By combining a laser ioni-
or combination modes of the ion. Apparatus distortion of zation source with, for example, an ion cyclotron resonance
electron kinetic energy distribution at low kinetic energy spectrometer, the reaction rates of ions preferentially
seems unlikely if one notes that well-resolved structure in produced in different vibrational states can be measured.
Figure 2A is observed at the same kinetic energies at which Acknowledgment. We gratefully acknowledge the Ca-
broadening begins to appear in Figure 2C. In future ex- a
periments, we hope to resolve structure in these congested mile and Henry Dreyfus Foundation for a Young Faculty
regions and establish more firmly our tentative vibrational Award and the Research Corporation for a Cottrel Re-
assignments under higher resolution conditions. search Grant. This work has been supported by the U.S.
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The first rotationally resolved photoelectron spectrum of a molecule other than H]2 is reported. NO is ionized from selected
quantum levels of its A( 2Z+) excited electronic state. One strong peak and two weaker peaks, corresponding to AN = 0
and AN - -2 rotational transitions, respectively, are observed. This rotational selection rule is the same as that observed
when hydrogen is ionized from its X'Z, + ground electronic state but differs from that observed when it is ionized from its
B'Z, state.

Laser-induced photoionization has great promise as a tool for energy distribution following laser ionization of NO, but in all
understanding ionization processes and for obtaining spectroscopic of these cases only the vibrational structure of the photoelectron
information about neutral molecules and ions.1- 5 In contrast with bands was extracted. 19- 2'
conventional photoelectron spectroscopy, the laser-induced method The time-of-flight photoelectron spectrometer used in our ex-
is demonstrating somewhat better resolution and considerably more periments has been described elsewhere.' A Coumarin 450 grazing

experimental design flexibility. The latter follows because with incidence dye laser pumped by a Lumonics TE 430 XcCI excimer

tunable lasers one can excite individual vibronic bands and then, laser was our primary light source. Its bandwidth was approx-

with one or more additional photons, ionize molecules from selected imately 0.4 cm-' UV pulses of 1-20 uJ were obtained by fre-

vibrational levels. A greater region of the potential energy surface quency doubling the blue radiation in a KB5 crystal. An effusive

of the ion can thus be studied compared with conventional pho- beam of NO (Matheson grade CP) streamed through a 30-sm

toelectron spectroscopy where ionization occurs only from ther- nozzle into the ionization chamber where a pressure of I X 10- 5

mally populated levels. While assignment of the resonant first torr was maintained. Photoelectrons generated by the two-step
ionization were detected with two Varian VUW-8900 micro-

step in a two-step ionization scheme is usually based on previous channel plates in tandem. The resulting signal was amplified and
UV absorption measurements, the photoelectron experiment can digitized with a Biomation 6500 waveform recorder and a LeCroy
also provide complementary checks on these spectroscopic as- 2228A time to digital converter (TDC). Their time resolutions
signments5 '1 were 2 ns/channel and 50 ps/channel, respectively.

The resolution that we have recently attained (3 meV at best) Monitoring the total photoelectron yield as a function of
enables us to realistically consider the possibility of resolving wavelength (tuning the dye laser from 4490 to 4540 A which on
rotational structure in some photoelectron bands, particularly those frequency doubling scanned the 0-0 band of the A ,- X system)
of lighter diatomic molecules. Experiments of this kind would yielded a spectrum similar to that obtained with single-photon
enable detailed studies of the rotational selection rules appropriate absorption. Individual rovibronic transitions were well resolved
for photoionization processes. The only diatomic whose photo- except near the band heads.
electron spectrum has been rotationally resolved is H 2. It has been The laser was then tuned to a specific rotational transition in
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AN. 0 The qualitative appearance of the spectrum, with a single strong.

peak and two weaker peaks on either side, indicates that AN -
0 is the dominant selection rule. (Here N is the total angular
momentum quantum number apart from spin, using currently
accepted notation for case b.) A AN - + I selection rule would
predict that two strong peaks should appear. More quantitatively,
one can calculate that the spacing between adjacent ion rotational -

levels near N - 21 is about 10 meV using the NO* rotational
constants summarized by Huber and Herzberg. 23 The spacing
between the central peak and each of the small side peaks in Figure
I is 20 . I meV, indicating that this separation corresponds to
two NO* rotational quanta. These results are in keeping with
theoretical predictions. 2 It is worth noting that this is the first
study where rotational resolution in a photoelectron spectrum has
been obtained with a molecule other than H2.

Photoelectron spectra have also been recorded by exciting
several other rovibronic transitions in the NO A - X 0-0 band.
All were similar to the spectrum appearing in Figure 1. In future

+2 experiments we will excite rovibronic levels in the C and D states
AM: -2 bN of NO. Unfortunately these cannot be reached with single photons

from our frequency doubled dye laser; they must be excited by
two-photon transitions. The intensities of the photoelectron signals

-A& .will therefore be substantially reduced. Hopefully these exper-
ts0O so a10 %0SS iments will help us to improve our understanding of the rotational

Ewctron Erwgy (meV) selection rules in photoionization and verify the theoretical pre-

Figue 1. Photoelectron spectrum of NO obtained by resonant one- dictions of Bonham and Lively.
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